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Abstract 

Continental margins are a dynamic interface linking the terrestrial lithosphere and oceanic 

hydrosphere, thus controlling fluxes of terrigenous materials from land to ocean. In 

particular, estuaries are places channeling vast amounts of minerals, nutrients, organic 

matter and trace elements (TEs) in dissolved and particulate forms into the oceans. As 

many TEs are essential nutrients for phytoplankton growth, their concentrations ([TEs]) 

together with macronutrients in surface waters influence marine primary productivity, 

thereby impacting ocean ecosystems and carbon cycling. However, before entering the 

oceans, terrigenous TEs are modified at continental margins by various processes including 

removal, release and recycling. Consequently, studying geochemical cycling of TEs at 

continental margins is crucial for discerning their sources and processes that determine TE 

fluxes to oceans. Radiogenic neodymium (Nd) and hafnium (Hf) isotopic compositions, 

expressed as ŮNd and ŮHf, respectively are sensitive tracers of the origin and mixing of water 

masses and seawater-particle interactions at the continent-ocean interface. In this thesis a 

detailed investigation of the distributions of radiogenic Nd and Hf isotopes as well as rare 

earth elements and yttrium (REY) is performed across the Amazon freshwater plume, the 

Amazonian mangrove belt and the Amazon shelf and slope as part of the GEOTRACES 

GApr11 cruise. The objective is to investigate the sources and processes influencing the 

TE supplies, Nd and Hf isotope distributions and their fluxes to the western Atlantic Ocean. 

Within the Amazon freshwater plume, suspended particles are found to be a minor 

contributor to the Nd and Hf concentrations ([Nd], [Hf]) and ŮNd and ŮHf signatures of 

estuarine waters in the Amazon estuary. Instead, the Par§ River, characterized by 

exceptionally high dissolved [Nd] and [Hf] (1036 pmol kg-1 and 13.4 pmol kg-1) and the 

least radiogenic isotope signatures of waters in the study area (ŮNd: -14.1, ŮHf: -4.1), 

substantially impacts the geochemical signatures of estuarine waters in the southern and 

outer Amazon estuary, contributing 45-100% of the riverine fraction. This discovery lead 

to a revised global dissolved riverine Nd flux of approximately 1.5 Ĭ 109 g yr-1 using an 

empirical relationship between riverine [Nd] and pH. This revised value is more than three 

times higher than previous estimates. The new results provide a benchmark value of 
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dissolved riverine Nd fluxes for global models in future studies and shed light on 

contributions from low-pH rivers with high dissolved organic carbon content to global 

metal fluxes. 

In the coastal seawater off the Amazonian mangrove belt, concentrations of TEs, Nd, and 

Hf are elevated and coincide with unradiogenic ŮNd and ŮHf signatures (ŮNd: -17.4, ŮHf: -8.1). 

Remarkably high [Nd] (~5000 pmol kg-1) in porewaters with ŮNd signaturs of up to -17.8 

are present in the Amazonian mangrove system, where the REY concentrations ([REY]) in 

the estuarine water and creek tidal seawater are three times higher than coastal seawater. 

The Fe-Mn oxyhydroxide fraction of sediments in the mangrove area also exhibits 

unradiogenic ŮNd and ŮHf signatures (-17.8 for Nd and -7.2 for Hf). These data together 

indicate that porewater discharge and Fe-Mn oxyhydroxide dissolution are major sources 

supplying dissolved REY and Hf to coastal seawater and dominating the ŮNd and ŮHf 

distributions in the coastal ocean. Globally, mangrove systems contribute 5.2 Ĭ 108 g Nd 

yr-1, accounting for 6-9% of the net global Nd input. This highlights the important role of 

mangrove systems in activating TE supply to the coastal ocean. 

Above the Amazon shelf, dissolved [Nd] and [Hf] are significantly elevated (~300%) 

paired with more radiogenic isotopic signatures (ŮNd: -9.2, ŮHf: 2.3) in near-bottom waters 

compared to upstream equatorial Atlantic seawater. Notably, the observed extremely high 

[Nd] (5000-40000 pmol kg-1) are noted in several porewater profiles. Such high [Nd] and 

[Hf] in near-bottom waters and porewaters across the Amazon shelf are fed by the reductive 

dissolution of preformed riverine Fe-Mn oxyhydroxides, which simultaneously supply 

more radiogenic ŮNd to the bottom water and porewater and thus control their geochemical 

signatures. The Nd flux originating from Fe-Mn oxyhydroxide dissolution in bottom waters 

is approximately 4.1 Ĭ 108 g yr-1. Extrapolating these findings globally, an estimated net 

shelf Nd flux via Fe-Mn oxyhydroxide dissolution of around 2.2 Ñ 2.1 Ĭ 1010 g yr-1, 

potentially compensating for the previously found Nd deficit in balancing the Nd 

concentrations and ŮNd distributions in the global ocean. This study underscores the pivotal 

role of sediment-seawater interactions, especially through Fe and Mn cycling, in 

controlling the behavior, distribution and fluxes of REY, Hf, and potentially other TEs on 

the Amazon shelf. 



Zusammenfassung 

iii  
 

Zusammenfassung 

Kontinentale Rªnder sind eine dynamische Schnittstelle, die die terrestrische Lithosphªre 

mit der ozeanischen Hydrosphªre verbindet und somit die Fl¿sse von terrigenen 

Materialien vom Land in den Ozean steuert. Insbesondere  stuare kanalisieren enorme 

Mengen an Mineralen, Nªhrstoffen, organischem Material und Spurenelementen (TE) in 

gelºster und partikulªrer Form in die Ozeane. Da TEs wesentliche Nªhrstoffe f¿r das 

Wachstum von Phytoplankton sind, beeinflussen ihre Konzentrationen ([TEs]) zusammen 

mit Makronªhrstoffen in Oberflªchenwªssern die marine Primªrproduktivitªt und damit 

¥kosysteme und Kohlenstoffkreislªufe im Ozean. Allerdings werden  die terrigenen TEs 

vor dem Eintritt in die Ozeane an kontinentalen Rªndern durch verschiedene Prozesse wie 

Entfernung, Freisetzung und Recycling  beeinflusst. Daher ist die Untersuchung des 

geochemischen Kreislaufs von TEs an kontinentalen Rªndern entscheidend, um ihre 

Quellen und Prozesse zu verstehen, die die TE-Fl¿sse in den Ozeanen bestimmen. 

Radiogene Neodym- (Nd) und Hafnium- (Hf) Isotopenzusammensetzungen, ausgedr¿ckt 

als ŮNd und ŮHf, sind sensitiveIndikatoren f¿r die Bestimmung der Herkunft und 

Vermischung von Wassermassen sowie Wechselwirkungen zwischen Meerwasser und 

Partikeln an der Grenze zwischen Kontinent und Ozean. In dieser Arbeit wird eine 

detaillierte Untersuchung der Verteilung von radiogenen Nd- und Hf-Isotopen sowie von 

Seltenen Erden und Yttrium (REY) im Amazonas-Oberflªchenwasserplume, im 

Amazonas-Mangroveng¿rtel und auf dem Amazonas-Schelf und -Hang im Rahmen der 

GEOTRACES GApr11-Expedition durchgef¿hrt. Ziel ist es, die Quellen und Prozesse zu 

untersuchen, die die TE-Zufuhr, die Nd- und Hf-Isotopenverteilungen und ihre Fl¿sse in 

den westlichen Atlantik beeinflussen.  

Im Amazonas-Oberflªchenwasserplume tragen suspendierte Partikel nur geringf¿gig zu 

den Nd- und Hf-Konzentrationen ([Nd], [Hf]) sowie den ŮNd- und ŮHf-Signaturen der 

 stuarwªsser im Amazonas- stuar bei. Stattdessen beeinflusst der Par§-Fluss mit 

auÇergewºhnlich hohen gelºsten [Nd]- und [Hf]-Konzentrationen (1036 pmol kg-1 und 

13,4 pmol kg-1) und den niedrigsten radiogenen Isotopensignaturen imWassers des 

Untersuchungsgebiets (ŮNd: -14,1, ŮHf: -4,1) die geochemischen Signaturen des 
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 stuarwassers im s¿dlichen und ªuÇeren Amazonas- stuar wesentlich und trªgt dabei zu 

45-100% des Flussanteils bei. Diese Entdeckung f¿hrte zu einer revidierten globalen 

gelºsten fluviatilen Nd-Flussrate von etwa 1,5 Ĭ 109 g pro Jahr mithilfe einer empirischen 

Beziehung zwischen fluviatilem [Nd] und pH. Dieser revidierte Wert ist mehr als dreimal 

so hoch wie fr¿here Schªtzungen. Die neuen Ergebnisse bieten einen Benchmarkwert f¿r 

gelºste fluviatile Nd-Fl¿sse f¿r globale Modelle f¿r zuk¿nftigen Studien und beleuchten 

die Beitrªge von Fl¿ssen mit niedrigem pH-Wert und hohem Gehalt an gelºstem 

organischem Kohlenstoff zu globalen Metallfl¿ssen.  

Im K¿stenwasser vor dem Amazonas-Mangroveng¿rtel sind die Konzentrationen von TEs, 

Nd und Hf erhºht und fallen mit unradiogenen ŮNd- und ŮHf-Signaturen zusammen (ŮNd: -

17,4, ŮHf: -8,1). Bemerkenswert viel [Nd] (~5000 pmol kg-1) in Porenwªssern mit ŮNd-

Signaturen von bis zu -17,8 sind im Amazonas-Mangrovensystem vorhanden, wo die REY-

Konzentrationen ([REY]) im  stuarwasser und im Gezeitenwasser der  dreimal hºher sind 

als im K¿stenwasser. Der Fe-Mn-Oxyhydroxid-Anteil der Sedimente im Mangrovengebiet 

zeigt ebenfalls unradiogene ŮNd- und ŮHf-Signaturen (-17,8 f¿r Nd und -7,2 f¿r Hf). Diese 

Daten zeigen, dass Porenwasserfreisetzung und Fe-Mn-Oxyhydroxid-Auflºsung wichtige 

Quellen f¿r gelºste REY und Hf im K¿stenwasser darstellen und die ŮNd- und ŮHf-

Verteilungen im K¿stenozean dominieren. Weltweit tragen Mangrovensysteme 5,2 Ĭ 108 g 

Nd pro Jahr bei, was 6-9% des gesamten globalen Nd-Inputs ausmacht. Dies hebt die 

wichtige Rolle von Mangrovensystemen bei der Aktivierung des TE-Zuflusses in den 

K¿stenozean hervor.  

¦ber dem Amazonas-Schelf sind die gelºsten [Nd]- und [Hf]-Konzentrationen im 

Bodenwasser (~300%) zusammen mit radiogeneren Isotopensignaturen (ŮNd: -9,2, ŮHf: 2,3) 

im Vergleich zu oberen ªquatorialen Atlantikwªssern signifikant erhºht. Bemerkenswert 

ist, dass extrem hohe [Nd] (5000-40000 pmol kg-1) in mehreren Porenwasserprofilen ¿ber 

dem Amazonas-Schelf beobachten zu sind. Die hohen [Nd]- und [Hf]-Konzentrationen in 

Bodenwªssern und Porenwªssern auf dem Amazonas-Schelf werden durch die reduktive 

Auflºsung von vorgeformten fluviatilen Fe-Mn-Oxyhydroxiden gespeist, die gleichzeitig 

radiogenere ŮNd an das Bodenwasser und Porenwasser abgeben und somit deren 

geochemische Signaturen kontrollieren. Der aus der Auflºsung von Fe-Mn-
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Oxyhydroxiden im Bodenwasser stammende Nd-Fluss betrªgt etwa 4,1 Ĭ 108 g pro Jahr. 

Durch Extrapolation dieser Erkenntnisse auf globaler Ebene wird ein geschªtzter Netto-

Schelf-Nd-Fluss durch die Auflºsung von Fe-Mn-Oxyhydroxiden von etwa 2,2 Ñ 2,1 Ĭ 

1010 g pro Jahr ermittelt, der potenziell das zuvor gefundene Nd-Defizit bei der 

Bilanzierung der Nd-Konzentrationen und ŮNd-Verteilungen im globalen Ozean 

ausgleichen kºnnte. Diese Studie verdeutlicht die zentrale Rolle der Sediment-

Meerwasser-Wechselwirkungen, insbesondere durch den Fe- und Mn-Kreislauf, bei der 

Kontrolle des Verhaltens, der Verteilung und der Fl¿sse von REY, Hf und potenziell 

anderen TEs auf dem Amazonas-Schelf. 
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1. Introduction  

Continental margins are the key area linking the terrestrial lithosphere and oceanic 

hydrosphere and control the terrigenous material fluxes from land to ocean. The continental 

shelves constitute approximately 5.3% of the earth surface with an area of 2.7 × 107 km2 

and a depth normally shallower than 200 m, they receive the weathered terrigenous 

material from land. Vast amounts of minerals, nutrients, organic matter and trace elements 

(TEs) supplied in dissolved and particulate forms are transported by rivers and then 

introduced into the oceans via estuaries. TEs such as iron (Fe), cobalt (Co) and manganese 

(Mn) participate in a range of cellular processes playing a key role in phytoplankton growth 

and marine primary productivity (Twining and Baines, 2013). The concentrations of TEs 

([TEs]) hence influence the carbon cycling and the food webs of surface ecosystems in the 

oceans. Therefore, the sources and processes controlling the TE fluxes from land to oceans 

are thus crucial to constrain. The primary sources include riverine dissolved and particulate 

TEs, shelf sediments and porewater flux. The associated processes encompass: i) estuarine 

processes (e.g., removal and addition) (Sholkovitz et al., 1978), ii) particle dissolution or 

the exchanges between particles and seawater, iii) seawater-porewater mixing and iiii) 

sediment-porewater interactions. 

Global rivers discharge ~1.3 × 106 m s-1 of freshwater containing high [TEs] and thus 

constitute a major flux of most elements from the continents to the ocean. For example, the 

Amazon river, the largest river in the world, contributes ~3 × 107 g day-1 copper (Cu) and 

~9 × 107 g day-1 nickel (Ni) to the Atlantic Ocean and accounts for 19% and 15% of the 

global riverine fluxes of these elements, respectively (Hollister et al. 2022). Shelf 

sediments have been identified as a critical source of TEs to the overlying seawater, as 

demonstrated by benthic flux chamber investigations at continental margins (Heggie et al. 

1987; Pakhomova et al. 2007; Homoky et al. 2012; McManus et al. 2012; Plass et al. 2020, 

2021) and evidenced by observations obtained close to the shelf sediment-water interface 

(Lam and Bishop 2008; Homoky et al. 2013; Nishioka and Obata 2017; Liu et al. 2022b). 

Concerning the porewater discharge (i.e., benthic flux), substantial benthic release of TEs 

from sediments have been observed on shelves and in deep basins, which is related to the 

reductive dissolution of sediments (Scholz et al., 2011; Lenstra et al., 2022).  
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Estuaries connecting freshwater and marine environments are key components of the land-

ocean aquatic continuum. Sharp changes of ionic strength, temperature, and pH of the 

estuarine waters cause reactive metals such as Fe, Mn, rare earth elements (REEs, e.g., 

neodymium, Nd) and hafnium (Hf) to be removed from solution to a large extent (>50%) 

via salt-induced coagulation and precipitation of (nano-)particles and colloids (NPCs) 

(Boyle et al., 1977; Gledhill et al., 2022), thereby reducing the fluxes of these metals to the 

oceans. The exchange between particles and seawater, such as adsorption and desorption 

as well as particle dissolution along the salinity gradient are the main processes within the 

freshwater plume due to the high content of riverine suspended particles and the abundant 

supply of major ions from seawater (Rousseau et al., 2015). Another widely used term 

ñboundary exchangeò describes the exchange between particles and seawater at the 

sediment-seawater interfaces (SWIs) and is defined as the supply of elements from the 

sediments into the seawater by particle dissolution, accompanied by the simultaneous 

removal/scavenging of elements from the seawater, leading to a modification of isotopic 

signatures in bottom water without adding significantly to element concentrations (Lacan 

and Jeandel, 2005). Sediment-porewater interactions and porewater-seawater mixing 

within the upper unconsolidated sediment and at the SWI, respectively, are normally 

classified as the processes associated with early diagenesis within sediments and coupled 

with organic matter degradation, denitrification, Fe-Mn reduction and sulfate reduction 

(Canfield and Thamdrup, 2009). The reductive dissolution and oxidative (re)precipitation 

of Fe-Mn phases are principal factors controlling the TE cycling within sediment and at 

the SWIs. 

These sources and complex processes make it challenging to precisely quantify TE exports 

from continental margins through dissolved riverine input, shelf sediment release, 

sediment-seawater interactions and porewater flux (benthic flux), and to fully grasp the 

role of rivers and shelves in the biogeochemical cycles in the surface oceans. Particle-

reactive elements, such as rare earth elements and yttrium (REY) and Hf are particularly 

useful in shedding light on the sources and geochemical processes at play, such as 

freshwater-seawater mixing and sediment-water (e.g., freshwater, seawater and porewater) 

interactions, which is enabled by distinct REY patterns of freshwater, seawater, porewater 

and sediments (Goldstein and Jacobsen, 1988a; Haley et al., 2004; Hathorne et al., 2015; 
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Zheng et al., 2016). Additionally, HREY/LREY and MREY/MREY* ratios (heavy, middle 

and light REY, defined in Methods) of estuarine and porewater are widely used to trace 

estuarine mixing and early diagenetic processes that fractionate the REY along the salinity 

gradients and within the sediment profiles, respectively (Haley et al., 2004; Kim et al., 

2012; Rousseau et al., 2015; Laukert et al., 2017). In addition to REY, radiogenic Nd and 

Hf isotopic compositions, expressed as ŮNd and ŮHf, respectively (defined in Methods) are 

highly sensitive tracers of the origin and mixing of water masses enabled by fingerprinting 

of their continental source contributions with distinct isotopic signatures and their quasi-

conservative behavior in seawater (Frank, 2002; van de Flierdt et al., 2007; Rickli et al., 

2009; Stichel et al., 2012a; Stichel et al., 2012b). Therefore, ŮNd and ŮHf are important 

tracers of water mixing and seawater-particle interactions at the continent-ocean interface 

(Lacan and Jeandel, 2005): Given that rivers drain different catchments, ambient seawater 

and particles are characterized by distinct isotopic fingerprints. 

1.1 Major Research Questions 

The Amazon continental shelf, situated in a humid tropical equatorial region with a 

coastline of about 1000 km and a width of 350 km, covering an area of ~2 Ĭ 105 km2, 

receives ~6.6Ĭ1012 m3 yr-1 freshwater discharge and 6.3 Ĭ 1014 g yrī1 terrigenous detrital 

material from the Amazon River accompanied by 4.5 Ĭ 1012 g yrī1 organic carbon burial 

(Kuehl et al., 1986; Richey et al., 1990; Schl¿nz and Schneider, 2000; Moreira Turcq et al., 

2003). Due to its significant role, the Amazon continental shelf is a crucial area for 

investigating the sources and processes controlling TE export to the western Atlantic. In 

light of previous studies, several key questions emerge: 

(1) Rousseau et al. (2015) observed a slight increase in dissolved Nd concentration ([Nd]) 

accompanied by a shift in ŮNd to less radiogenic values in the Amazon estuary, suggesting 

that dissolution of (re)suspended particles releases Nd into the river plume, making particle 

dissolution in estuaries a vital source for the global marine Nd budget. However, this 

dissolution includes both the Fe-Mn oxyhydroxide and silicate phases, likely carrying 

distinct isotopic signatures that were not previously differentiated. Moreover, additional 

potential sources of Nd (and Hf), such as the adjacent Par§ River, were not considered 
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despite that it discharges 6.6 Ĭ 1011 m3 of freshwater annually into the Amazon estuary 

(Prestes et al., 2020). The first question, therefore, is: Which factors dominate the dissolved 

[Nd] (and [Hf]) and their isotopic signatures in the Amazon freshwater plume? 

(2) South of the Amazon estuary a large mangrove forest (defined as Amazonian mangrove 

belt) serves as a buffer zone between land and ocean trapping significant amounts of 

continental material. Elevated concentrations of TEs in the coastal seawater off this 

mangrove belt have been observed, presumably linked to groundwater inflow (de Carvalho 

et al., 2021; Hollister et al., 2021; Hollister et al., 2022). However, the specific sources and 

processes controlling the TE concentrations within the mangroves are largely unknown. 

Consequently, the second question is: Which factors control the dissolved [Nd] (and [Hf]) 

and their isotopic signatures in the surface seawater off the Amazonian mangrove belt, and 

what are the Nd and Hf export fluxes? 

(3) River-dominated margins typically exhibit high sedimentary release of TEs due to the 

continuous supply of fresh particulate material (Severmann et al., 2010; Lenstra et al., 

2019). Despite our knowledge, the factors controlling REY and Hf export from the Amazon 

shelf, the worldôs largest riverine dispersal system, remain unclear. The third question, 

therefore, is: Which processes control the dissolved [Nd] (and [Hf]) and their isotopic 

signatures on the Amazon shelf, and what are the Nd and Hf export fluxes from the shelf? 

Rare earth elements and neodymium and hafnium isotopes in cold-water coral skeletons 

and authigenic phase such as Fe-Mn oxyhydroxides extracted from sediment and 

foraminifera are widely used to trace water mass mixing and the intensity of continental 

weathering in the past (Gutjahr et al., 2007; Gutjahr et al., 2014; Dausmann et al., 2017; 

Colin et al., 2019; Huang et al., 2020). The application of radiogenic Nd and/or Hf isotope 

ratio (ŮNd, ŮHf) as a paleo-ocean circulation tracer assumes that they display a quasi-

conservative mixing behavior in the ocean and a residence time shorter than or similar to 

the global seawater circulation time (~1500 years) (Broecker and Peng, 1982). However, 

the models show that if we assume a 500-years residence time of oceanic Nd, there is a 

substantial Nd source deficit (5~11 Ĭ 109 g yr-1) for balancing [Nd] and ŮNd distribution in 

the global ocean. Moreover, many studies have suggested the existence of processes adding 
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external Nd to the ocean and challenging the view that Nd isotopes show a quasi-

conservative behavior, for example, exchange with particulates along continental margins 

(i.e., boundary exchange) (Jeandel et al., 2007; Jeandel, 2016), submarine groundwater 

discharge (Johannesson and Burdige, 2007; Johannesson et al., 2011) and benthic fluxes 

(Abbott, 2015; Abbott et al., 2015a; Abbott et al., 2015b; Haley et al., 2017). Therefore, 

considering the high freshwater and particle discharges from the Amazon River, the 

significant sediment accumulation rates on the shelf, and the large amount of organic 

material on the shelf and in mangrove forest areas, it is essential to examine the flux of 

REY, especially Nd isotopes, exported from the Amazon continental shelf. This 

examination will improve our understanding of the sources of Nd in the modern ocean and 

address the oceanic Nd deficit. 

1.2 Objectives 

Based on the discussion above, in this thesis, there are two main objectives: i) to investigate 

the sources and processes influencing the TE exports, especially the REY and Hf from the 

Amazon continental shelf. This investigation will utilize REY, along with Nd and Hf 

isotopes, to explore related sources and processes, including dissolved riverine input, shelf 

sediments, porewater discharge, estuarine processes, particle-seawater exchanges 

seawater-porewater mixing, and sediment-porewater interactions; ii) to constrain the Nd 

and Hf fluxes from the above sources and their implications for the global oceanic Nd and 

Hf budgets. 

1.3 Rare earth element geochemistry 

Rare earth elements (REEs) encompass the fifteen lanthanide elements with atomic 

numbers ranging from 57 to 71, from Lanthanum (La) to Lutetium (Lu) (La, Ce, Pr, Nd, 

Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). These elements typically exhibit a consistent 

behavior within natural systems due to their universally shared 3+ valence state and similar 

ionic radii. Ionic radii decrease gradually from La to Lu, known as the lanthanide 

contraction. This causes each element to behave slightly differently in geological processes, 

allowing for detailed geochemical fingerprinting. Notably, cerium (Ce) and europium (Eu) 

can adopt alternative valence states of 4+ and 2+, respectively, under varying redox 
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conditions, which cause their geochemical behavior to diverge from the other REEs. The 

enrichment or depletion of Ce and Eu relative to neighboring REEs are called ñanomalyò 

and are widely used to trace redox condition changes (Elderfield and Greaves, 1982; de 

Baar et al., 1988; Elderfield, 1988). Yttrium (Y) is frequently included in discussions of 

REEs due to its identical charge and nearly identical ionic radius to holmium (Ho) (Bau 

and Dulski, 1995), making Y the geochemical twin of Ho and it is thus often referred to 

collectively with REEs as REY (Rare Earth Elements and Yttrium). Promethium (Pm) is 

an exception in that it is radioactive: 145Pm, has a half-life of only 17.7 years. Consequently, 

Pm is naturally extinct in current geological samples and is typically excluded from 

geochemical analyses and interpretations.  

In aqueous geochemistry, the REYs are further classified into light REY (LREY), middle 

REY (MREY), and heavy REY (HREY), delineating the elements based on their atomic 

masses. LREY comprise elements from La to Nd, MREY include Sm to Tb, and HREY 

range from Dy to Lu, with Y usually grouped with the HREY due to its similar properties 

(Elderfield and Greaves, 1982; Hoyle et al., 1984; Elderfield et al., 1990). To facilitate a 

clearer understanding of the behavior of REY and to pinpoint potential anomalies, it is 

standard practice to normalize REY concentrations ([REY]) to a widely recognized 

reference composition, such as average shale or chondrite values. In this study, we 

normalize all samples to the Post Archean Australian Shale (PAAS) (Taylor and McLennan, 

1985a), which is considered to be a good approximation of the composition of the average 

upper continental crust. In aqueous solutions, REY are categorized into particulate and 

dissolved pools. The particulate pool encompasses all particles with a size greater than 0.2 

Õm and is typically separated from the dissolved pool by filtration through a 0.2 Õm filter. 

Nonetheless, nanoparticles and colloids (NPCs), which are smaller than 0.2 Õm, may still 

traverse the filter. Consequently, the dissolved pool is further differentiated into the truly 

dissolved load and the NPC pool. 

1.3.1 Rare earth elements and yttrium in river water 

Rare earth elements in river water are mostly derived from the basement rocks and soils in 

the river catchment through chemical weathering reactions (Banfield and Eggleton, 1989; 

Sholkovitz, 1995). Weathered materials often show an accumulation of REY, typically 
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exhibiting an enrichment of LREY compared to the parent rocks. Prior research indicates 

that this fractionation arises partly from the formation of more soluble HREY complexes, 

which are then transported away from the site of weathering, while LREY are preferentially 

retained, either by adsorption onto or by incorporation into secondary minerals that form 

during the weathering process (Nesbitt, 1979; Duddy, 1980; Banfield and Eggleton, 1989; 

Braun et al., 1993). As REY are particle-reactive elements, in river water, the REY3+ ions 

readily bind to the surfaces of (nano-) particle, such as Fe and Mn oxyhydroxides or (nano-) 

particles via surface complexation, effectively maintaining the REY in particulate and 

colloidal pools and minimizing the proportion of REY in the truly dissolved pool 

(Sholkovitz, 1995). However, this mechanism is countered by solution complexation, 

wherein dissolved inorganic ligands like F-, Cl-, SO4
2-, OH-, CO3

2- and PO4
3-, form 

complexes with REY3+ ions, thereby competing with surface complexation (Johannesson 

et al., 1996). Organic ligands, including humic and fulvic acids, also significantly influence 

REY speciation in natural waters, competing with inorganic ligands for complexation 

(Tang and Johannesson, 2003, 2010; Merschel et al., 2017a). Enhanced complexation from 

La to Lu due to the decrease of atomic radius with increasing atomic number leads to a 

decrease in the proportions of free REY3+ ions in water and fractionation, whereby the 

LREY are preferentially adsorbed to colloids and particles (Cantrell and Byrne, 1987; Jong 

Hyeon and Byrne, 1993). Consequently, within the dissolved pool, the truly dissolved pool 

is comparatively enriched in HREY, whereas the NPC pool shows a greater content of 

LREY relative to the overall dissolved REY pool (Sholkovitz, 1995). 

The pH of river water is a critical factor influencing the speciation of the riverine REY. 

Both the concentration levels and the degree of fractionation of dissolved REY in riverine 

systems are influenced by pH, as well as by the presence of colloidal particles. Typically, 

dissolved [REY] tend to increase as pH decreases, a trend attributable to pH-dependent 

shifts in adsorption equilibria (Goldstein and Jacobsen, 1987). Previous studies indicated 

that in waters with higher pH, a larger proportion of REY exists as colloids, which are 

enriched in HREY (Sholkovitz, 1995). Generally, rivers with substantial contents of 

dissolved organic matter and lower pH values are marked by elevated concentrations of 

dissolved REY, and the proportion of the truly dissolved pool containing LREY is higher 

(Goldstein and Jacobsen, 1987, 1988a). 
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In the Amazon River basin, there are three kinds of rivers: white rivers, black rivers and 

clear rivers. They display different REY patterns (Fig. 1.1). Whitewater rivers, such as the 

Rio Solim»es, Rio Madeira, and ultimately the Amazon River itself, are characterized by a 

MREY enrichment pattern without any Ce anomaly due to the non-linear fractionation of 

REY in the NPC pool (Merschel, 2017). This pattern is consistent with observations from 

other major tropical rivers such as the Congo (cf. Rahlf et al., 2021) and the Orinoco (cf. 

Mora et al., 2020). In stark contrast, blackwater rivers in the Amazon Basin such as the Rio 

Negro, Rio Jari, Rio Trombetas, and Rio Urucara show relatively flat REY patterns and a 

small positive Ce anomaly. Meanwhile, clearwater rivers such as the Rio Tapajos show 

relatively flat REY patterns with a small negative Ce anomaly (Merschel, 2017). The 

consistent REY patterns suggest that the geochemical composition of the Amazon River is 

mainly controlled by its Andean tributaries, the Rio Solim»es and the Rio Madeira 

(Merschel, 2017). 

 

Fig.1. 1 Dissolved REY patterns of rivers in the Amazon Basin (Merschel, 2017). 
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1.3.2 Rare earth elements and yttrium and hafnium in estuaries and seawater 

Estuaries, the interface between the land and ocean, are a key area controlling the trace 

element fluxes (e.g., Fe, Mn, REY) from rivers into the oceans via a range of estuarine 

processes (Moore et al., 1979; Goldstein and Jacobsen, 1988b; Byrd et al., 1990; 

Sholkovitz, 1993, 1995; Pokrovsky and Schott, 2002). In these transitional zones, large-

scale removal of particle reactive elements (e.g., REY and Hf) often occurs within the low 

salinity regions (Sholkovitz, 1993; Lawrence and Kamber, 2006; Rousseau et al., 2015; 

Laukert et al., 2017). In the aqueous solutions, a majority of the dissolved REY are bound 

to NPCs, with only a minor fraction existing in a truly dissolved pool (Elderfield et al., 

1990; Sholkovitz, 1992). Therefore, in freshwater, the negative surface-charge of the NPCs 

prevents aggregation maintaining their suspension. However, when river water encounters 

seawater, the reaction with seawater cations neutralizes the negative charge of NPCs, 

triggering flocculation and precipitation in low salinity zone of estuaries (Boyle et al., 

1977). Hence, the salt-induced coagulation of NPCs effectively removes their associated 

particle-reactive elements from solution and significantly reduces the flux of particle-

reactive elements from rivers into the oceans. 

Table 1. 1 Maximum Nd removal percentage in different estuaries. 

River estuary Maximum Nd removal 
Discharge 

(m3 s-1) 

Amazon 93% 206000 

Congo 57% 42800 

Yangtze 90% 29934 

Mississippi 50% 19343 

Lena 72% 16838 

Fly 87% 6500 

Sepik 81% 3900 

Great Whale 66% 1205 

Gironde 68% 671 

Chao Phraya 58% 400 

Tamar 65% 23 

Mullica 81% ˈ 

Note. Data are compiled from previous studies: Amazon (Rousseau et al., 2015), Congo 

(Rahlf et al., 2021), Yangtze (Che et al., 2022) , Mississippi (Adebayo et al., 2018), Lena 
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(Laukert et al., 2017), Fly and Sepik (Sholkovitz and Szymczak, 2000), Great Whale 

(Goldstein and Jacobsen, 1988b), Gironde (Martin et al., 1976), Chao Phraya (Nozaki et 

al., 2000), Tamar and Mullica (Elderfield et al., 1990). 

The estuarine behavior of Hf is not well constrained, as there are only a handful of studies 

contributing to our understanding to date. It has been shown that little or no removal of Hf 

occurs based on the seasonal Congo River Hf concentration ([Hf]) data (Rahlf et al., 2021). 

In the Hudson River estuary, an increase of [Hf] at salinities between 5 and 15 has been 

observed, potentially linked to porewater diffusion, groundwater advection or release from 

resuspended particles (Godfrey et al., 2008). In contrast to Hf, there is considerably more 

information available on the estuarine behavior of REY. Globally, the removal percentage 

of dissolved REY (Nd as an example), varies significantly, generally ranging from 50% to 

95% (see Table 1.1). In the Amazon estuary, removal rates as high as 93% to 97% have 

been calculated (Sholkovitz, 1993; Rousseau et al., 2015), whereas another large tropical 

river, the Congo River exhibits a lower percentage of Nd removal of 57% (Rahlf et al., 

2021). Conservative behavior of REY was found in the Estuary and Gulf of St. Lawrence 

in winter supported by low dissolved Fe concentrations while efficient REY removal 

occurred in spring and summer enabled by increased concentrations of colloidal particles 

(Dang et al., 2021a). Thus, the content of inorganic NPCs (e.g., Fe and Mn hydroxide 

colloids) in the freshwater exerts the main control over the geochemical behavior of REY 

in estuaries. The mixing experiment by Merschel et al. (2017a) also demonstrated that REY 

still behave conservatively in Rio Negro river water although the dissolved Fe 

concentration (63.4 ɛmol kg-1) is high. They benefit from the high dissolved organic 

carbon concentration ([DOC]) (e.g., humic and fulvic acids) (720 ɛmol kg-1), which can 

inhibit the aggregation of inorganic NPCs. In other words, both the low content of NPCs 

and high organic ligand concentration in the freshwater promote riverine REY transport 

and export to the ocean. 

As LREY are preferentially sorbed to NPCs while the truly dissolved load is relatively 

enriched in HREY, the estuarine removal of NPCs in the low-salinity zone enhances LREY 

depletion in estuarine water and thus fractionates the REY (Sholkovitz, 1995). The REY 

patterns evolve towards a LREE-depleted and HREE-enriched pattern in the low-salinity 

zone following large-scale removal of dissolved Nd and reach a typical seawater pattern 
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with pronounced Ce anomalies at high salinities as observed in many estuaries (Fig. 1.2). 

The freshest water has the highest Ce/Ce* and MREE/MREE* (defined in Methods) 

signatures, both of which decrease with increasing HREE/LREE ratios and salinity, 

suggesting that the removal efficiency follows LREEs Ó MREEs > HREEs (Sholkovitz, 

1995; Sholkovitz and Szymczak, 2000; Laukert et al., 2017). 

 

Fig.1. 2 Dissolved REY patterns against salinity in surface water of different estuaries. 

Data are from previous studies: Amazon (Rousseau et al., 2015), Congo (Rahlf et al., 2021), 

Yangtze (Wang and Liu, 2008), Mississippi (Adebayo et al., 2018), St. Lawarence (Dang 

et al., 2021a), Lena (Laukert et al., 2017). 

In seawater at a pH > 6.2, dissolved Hf is present as Hf(OH)5
-1 species and is complexed 

with Fe and/or organic colloids (Byrne, 2002; Bau and Koschinsky, 2006). Hf is not readily 

dissolved in seawater and is rapidly removed from solution by interaction with the surfaces 
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of sinking particles, i.e., a scavenging process resulting in very low Hf concentration in 

seawater (Firdaus et al., 2008). The vertical distributions of dissolved Hf in seawater reflect 

removal from surface seawater and regeneration at depth, analogous to many nutrient-like 

elements (Godfrey et al., 1996). In the oceans, dissolved REY are primarily associated with 

carbonate complexes: LREY mainly occur as mono-carbonate complexes (LnCO+), HREY 

typically occur as dicarbonate complexes (Ln(CO3)2-) (Cantrell and Byrne, 1987; Byrne, 

2002). Vertical oceanic [REY] distributions exhibit a nutrient-like profile, increasing with 

depth (Fig. 1.3), reflecting a reversible scavenging process where particle scavenging 

occurs near the surface and particle remineralization or desorption occurs at depth 

(Elderfield and Greaves, 1982; Elderfield, 1988; Siddall et al., 2008). Shale-normalized 

REY patterns of seawater show an enrichment of HREY relative to LREY with a 

pronounced negative Ce anomaly (Fig. 1.4). Preferential scavenging of LREY on particle 

surfaces in the ocean leads to further fractionation and intensifies the steepness of the REY 

pattern in open ocean seawater relative to the seawater near margins (Sholkovitz et al., 

1994; Alibo and Nozaki, 1999). This further fractionation also occurs in the deep ocean 

basins, leading to an increasing HREY/LREY ratio from the Atlantic to the Pacific Ocean 

in deep waters (Osborne et al., 2017), as a result of preferential removal of LREY onto 

particles relative to HREY along the deep water pathway from the Atlantic to Pacific Ocean 

(Elderfield and Greaves, 1982; Elderfield, 1988). Zheng et al. (2016) highlighted that water 

mass advection predominantly governs the distribution of REY below 1000 m, suggesting 

that REY in seawater could serve for tracing intermediate and deep water masses. 



Chapter 1. Introduction 

13 
 

 

Fig.1. 3 Dissolved [Nd] profiles in major ocean basins. 

Data are from previous studies: NE Atlantic (Crocket et al., 2018), South Atlantic (Wang 

et al., 2021), NW Pacific (Alibo and Nozaki, 1999), Equatorial Pacific (Wang and Yamada, 

2006), NE Indian (Nozaki and Alibo, 2003), Southern Ocean (Hathorne et al., 2015). 
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Fig.1. 4 Dissolved REY patterns of surface and deep waters of major oceans. 

Data are from previous studies: NE Atlantic (Crocket et al., 2018), South Atlantic (Wang 

et al., 2021), NW Pacific (Alibo and Nozaki, 1999), Equatorial Pacific (Wang and Yamada, 

2006), NE Indian (Nozaki and Alibo, 2003), Southern Ocean (Hathorne et al., 2015). 

1.3.3 Rare earth elements and yttrium in sediment porewaters 

Porewaters of sediments are the key environment where early diagenetic exchange 

processes between seawater-derived REY and terrigenous solid phases take place. The 

patterns observed in porewater REY profiles are markedly diverse, reflecting spatial 

variations across different sedimentary environments, from continental shelves to the deep-

sea basins, and spanning oxic to anoxic conditions. On the shelf or nearshore areas, 

porewater REY profiles display a deep [REY] peak. For instance, this peak occurs at a 

depth of 17 cm in the Changjiang (Yangtze) estuaryïEast China Sea shelf (Deng et al., 

2022a) and at approximately 40 cm depth at Buzzards Bay (Elderfield and Sholkovitz, 

1987; Sholkovitz et al., 1989). Conversely, at many continental margins and deep-sea areas, 

such as the western Tasman Sea (Abbott et al., 2019), the Oregon/California margin 

(Abbott et al., 2015b), the Northeast Pacific (Himmler et al., 2013), the Peru margin (Haley 

et al., 2004), and the deep western Pacific (Deng et al., 2017), these profiles typically show 
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a shallow subsurface maximum, generally at depths of less than 10-15 cm. The peak 

concentrations of REY (e.g., Nd) are notably variable and range from 94 to 144 pmol kg-1 

at the East China Sea shelf (Deng et al., 2022a), 110 to 350 pmol kg-1 at the western Tasman 

Sea (Abbott et al., 2019), and 400 to 2250 pmol kg-1 at the Oregon/California margin 

(Abbott et al., 2015b). It has been noticed that the diagenetic input of REY into porewaters 

is accompanied by the preferential release of LREY and MREY relative to HREY, as well 

as preferential LREY removal in porewaters, meaning that both the release and removal of 

REY results in significant REY fractionation (Sholkovitz et al., 1989). A variety of phases 

have been invoked as the principal regulators of porewater REY dynamics, including Fe 

and Mn oxyhydroxides, organic matter, phosphates, and clay minerals. As REY3+ ions 

readily bind to the surfaces of colloidal and particulate Fe and Mn oxyhydroxides via 

surface complexation (Sholkovitz, 1995), the reductive dissolution of Fe and Mn phases 

under suboxic conditions and their reprecipitation in oxic environments strongly control 

the REY release and removal within sediment profiles (Haley et al., 2004). High [REY] 

found in authigenic and biogenic phosphates within sediments, which either show a 

pronounced MREY or HREE enrichment including a negative Ce anomaly resembling 

seawater REY patterns (L®cuyer et al., 2004; Chen et al., 2015; Auer et al., 2017; Liao et 

al., 2022) indicate that phosphates are an essential REY sink either through adsorption 

and/or substitution of REY3+ in the crystal lattice (Kidder and Eddy-Dilek, 1994; Reynard 

et al., 1999). Thus, the dissolution of phosphates may be a significant source of porewater 

REY. Moreover, Abbott et al. (2019) suggested that clay mineral dissolution and 

authigenesis are likely the primary controlling factors of REY cycling and their balance 

govern REY fractionation within marine sediments. In summary, the porewater-sediment 

system is complex resulting from diagenetic reactions involving many solid phases, like 

redox-sensitive Fe-Mn phases, biogenic and authigenic phosphates, and clay minerals. 

1.4 Radiogenic Nd and Hf isotopes systems 

Radiogenic isotopes are generated through the decay of parent isotopes. Earthôs crust 

differentiates from the mantle through the formation of silicate rocks from magma and 

partial melts, during which parent and daughter elements are fractionated. This 

fractionation is based on their ability to substitute for a major element within a mineralôs 
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lattice, which is known as compatibility. Consequently, rocks derived from the mantle and 

continental crust exhibit different element ratios, affecting the accumulation of radiogenic 

daughter isotopes. Therefore, the radiogenic isotope composition of rocks is a function of 

both their type (chemical differentiation) and age (radioactive decay), leading to notable 

isotopic variations (Goldstein and Hemming, 2003).  

Nd has 7 naturally occurring isotopes: 142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd and 150Nd. 

The radiogenic Nd isotope (143Nd) is produced by the Ŭ-decay of 147Sm, with a half-life of 

106 Gyr (Lugmair and Marti, 1978). Sm and Nd, both rare earth elements, are chemically 

similar existing solely in the +3 oxidation state in natural systems. However, during partial 

melting, Sm exhibits slightly greater compatibility than Nd and is preferentially retained in 

the residual mantle. This results in higher Sm/Nd ratios and, consequently, higher 

143Nd/144Nd ratios in the mantle compared to the continental crust (Fig. 1.5) (DePaolo and 

Wasserburg, 1976). The 143Nd abundances in rocks thus vary according to the rock age and 

its Sm/Nd ratio. The 143Nd/144Nd ratios are expressed using the dimensionless Ů-notation: 

ʀ
ρτσȾρττ

ρτσȾρττ
ρ ρπ 

where CHUR refers to the Chondritic Uniform Reservoir, which represents the Nd isotope 

evolution of a uniform reservoir with a Sm/Nd ratio equivalent to that of chondritic 

meteorites. This concept serves as a hypothetical baseline for the isotopic evolution of the 

Earth in the absence of any fractionation processes. The 143Nd/144Nd ratio of CHUR is 

0.512638 (Jacobsen and Wasserburg, 1980). 
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Fig.1. 5 Schematic evolution of Nd and Hf isotope compositions of the CHUR over 

time and within the Earthôs mantle and crust after partial melting. 

Similarly, the radiogenic Hf isotope (176Hf) is produced by ɓ-decay of 176Lu, with a half-

life of 37.3 Gyr (Scherer et al., 2001). Lu, like Sm and Nd, is a rare earth element, while 

Hf belongs to the group of high field strength elements. In the Earthôs crust, the daughter 

isotope Hf accumulates in the melt fraction, while Lu is more likely to remain in the 

residuum, resulting in lower 176Hf/177Hf ratios in the crust compared to the mantle (Fig. 

1.5). Like Nd isotopes, variations in 176Hf/177Hf ratio are also expressed using the Ů-notation: 

ʀ
ρχφȾρχχ

ρχφȾρχχ
ρ ρπ 

where the modern CHUR 176Hf/177Hf value is 0.282785 (Bouvier et al., 2008). As a result 

of the lower Sm/Nd and Lu/Hf ratios in the magma than in the residual fraction, rocks of 

the continental crust, particularly ancient cratons, typically have less radiogenic Nd and Hf 

isotope compositions (low ŮNd and ŮHf values) than young volcanic rocks of mantle origin, 

such as ocean island basalts or mid-ocean ridge basalts, which display more radiogenic 

isotope compositions (high ŮNd and ŮHf values).  

The Sm-Nd and Lu-Hf systems are two long-lived decay systems, which are slow relative 

to the 4.56 Gyr age of the solar system, meaning effectively that the parent element still 

exists in nature. Therefore, the abundances of the daughter products of decay are still 

increasing in rocks and water, but at rates slow enough that changes in the daughter-isotope 

ratios are negligible over short time periods (Goldstein and Hemming, 2003). Due to the 
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high atomic masses of Nd and Hf isotopes, as a result, the effects of biological or chemical 

mass fractionation in oceans of these two isotope systems are negligible and the isotope 

ratios are conservative tracers, reflecting the sources of the individual elements. Transport 

processes on the earth surface generally sample a variety of continental sources. Therefore 

in most cases the radiogenic isotope ratios represent mixtures of the different terrains with 

different ages. If the elements are dissolved, then their isotope ratios will remain constant 

over any travel path as long as no additions from new sources with different isotope ratios 

occur (Goldstein and Hemming, 2003). The above chemical properties of Nd and Hf are 

the important basis for them to be useful tracers of water masses mixing in the oceans. 

1.4.1 Dissolved Nd and Hf isotopes as water mass tracers 

Dissolved radiogenic Nd and Hf isotopes are powerful tracers of the large scale mixing of 

water masses in the modern oceans (Fig. 1.6). This application relies on several 

assumptions: 1) Distinct isotopic signatures of water masses: water masses must possess 

unique isotopic signatures that are significantly different to be distinguishable. Seawater 

acquires its Nd isotopic signature primarily from continental weathering. For instance, the 

Pacific Ocean, surrounded by young mantle-derived rocks, exhibits average ŮNd values near 

-3, making it more radiogenic than the Atlantic Ocean, which has average ŮNd values of -

12 (Goldstein and Jacobsen, 1987; Bertram and Elderfield, 1993). Deep waters in the North 

Atlantic, North Pacific, and Southern Ocean also display specific ŮNd signatures(-14 ~ -13, 

-4 ~ -3 and -9 ~ -8, respectively) (Piepgras and Wasserburg, 1980; Piepgras and Wasserburg, 

1987). Although studies on seawater Hf isotopes are limited and cannot fully depict the 

variability between the Pacific and Atlantic oceans, early observations in Fe-Mn crusts and 

nodules, which reflect ambient seawater isotopic compositions (Zimmermann et al., 2009), 

suggest a positive global correlation between Hf and Nd isotopes and Hf isotopes even 

display a larger magnitude of changes than Nd isotope (Albar¯de et al., 1998; David et al., 

2001). But Hf isotopes are strongly affected by incongruent weathering (van de Flierdt et 

al., 2007; Rickli et al., 2009) and thus have been preferentially used to investigate 

continental weathering regimes and short distance water mass mixing (Gutjahr et al., 2014; 

Rickli et al., 2014; Filippova et al., 2017). 2) (Quasi-)conservative mixing behaviors: the 

geochemical behavior of Nd in seawater is (quasi)conservative. Due to their high atomic 
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masses, biological or chemical mass fractionation effects on these isotopes in oceans are 

negligible. Furthermore, strong correlations between seawater salinity and dissolved ŮNd 

distributions in the present-day oceans, along with small ŮNd shifts (< 1 ŮNd-unit) predicted 

by conservative mixing calculations, demonstrate the (quasi)conservative mixing behavior 

of Nd isotopes (van de Flierdt et al., 2016; Tachikawa et al., 2017; Zieringer et al., 2019; 

Rahlf et al., 2020; Wang et al., 2021; Wu et al., 2022). 3) Appropriate residence time: the 

residence time of Nd and Hf should be shorter than the global ocean mixing time (~ 1500 

years) (Broecker and Peng, 1982). Previous studies have suggested average oceanic 

residence times of 300-1000 years and 250-7500 years, respectively (Frank, 2002; 

Tachikawa et al., 2003; Firdaus et al., 2008; Godfrey et al., 2009; Rickli et al., 2009; 

Rempfer et al., 2011; Stichel et al., 2012a; Stichel et al., 2012b; Rahlf et al., 2020), which 

is long enough to allow Nd and Hf signals to be advected by water masses but short enough 

to prevent homogenization globally. The distinct deep water ŮNd values in different ocean 

basins and water masses corroborate this third assumption (Fig. 1.6). 
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Fig.1. 6 A north to south transect of (a) Western Atlantic Ocean salinity and (b) 

Western Atlantic Ocean seawater dissolved ŮNd distributions (Lambelet et al., 2016; 

Wu et al., 2022). 

The salinity distribution shows the water-mass structure in the region. The ŮNd-section with 

ŮNd contours exhibits a striking resemblance to the salinity-section. 

1.4.2 Sources: dissolved Nd and Hf isotopes to the oceans 

In order to reliably apply Nd and Hf isotopes as tracers of water mass sources and their 

mixing in the modern ocean and as proxies for past changes in global ocean circulation, 

their sources and sinks, as well as their present day transport and mixing processes need to 

be better understood. Early work suggested that the predominant inputs of Nd are the 

dissolved riverine load and atmospheric dust (Goldstein et al., 1984; Goldstein and 

Jacobsen, 1987). The global rivers contribute a net dissolved Nd flux of approximately 5 Ĭ 

108 g yr-1 taking into account 70% Nd removal during estuarine mixing (Goldstein and 
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Jacobsen, 1987). Additionally, a net Nd flux of 4 Ĭ 108 g yr-1 from partial dissolution of 

aeolian dust was estimated, assuming a soluble Nd proportion of 2% (Tachikawa et al., 

2003). However, these Nd source fluxes appear insufficient to balance both the 

concentration [Nd] and ŮNd distributions in the global ocean if an average residence time 

of approximately 500 yr for Nd isotopes is assumed. This results in a substantial deficit of 

Nd inputs of 5 ~ 11 Ĭ 109 g yr-1 estimated by models (Tachikawa et al., 2003; Arsouze et 

al., 2009; Rempfer et al., 2011; Gu et al., 2019). To address this discrepancy, possible 

additional Nd sources including submarine groundwater discharge (SGD) (Johannesson 

and Burdige, 2007), benthic sediment fluxes (Abbott et al., 2015a) and release via particle 

dissolution (Rousseau et al., 2015) have been proposed. Quantifying the Nd flux from SGD 

remains challenging due to the limited amount of available data. Benthic flux can modify 

both [Nd] and ŮNd of local bottom water as porewaters with a high [Nd] with specific ŮNd 

signature diffuse upwards in sediment porewater into bottom waters. The ŮNd signature of 

the porewaters may differ from bottom waters due to their dissolved Nd originating from 

desorption from particles, phosphate dissolution release, reductive dissolution of 

authigenic or preformed riverine phases and dissolving detrital particles (Sholkovitz et al., 

1989; Haley et al., 2004; Abbott et al., 2015b; Deng et al., 2017; Deng et al., 2022a; Deng 

et al., 2022b). Abbott et al. (2015b) estimated a global benthic Nd flux of 2.9 to 15.9 Ĭ 109 

g yr-1. However, the significant spatial variability of porewater Nd profiles at different 

environments (shelf, slope, deep-sea basin) (Sholkovitz et al., 1989; Haley et al., 2004; 

Abbott et al., 2015b; Deng et al., 2017) and the strength of the benthic flux, which are 

closely related to advective processes, bottom current velocity, and levels of dissolved 

oxygen in bottom water and sediment (Deng et al., 2022a), necessitate precise global-scale 

constraints on the benthic source. Rousseau et al. (2015) observed a slight increase of 

dissolved [Nd] accompanied by a shift in ŮNd to less radiogenic values at mid to high 

salinities and thus estimated a 3.1 ~ 8.3 Ĭ 109 g Nd yr-1 flux by dissolution of lithogenic 

suspended sediments on the shelf globally. The estimates of various Nd fluxes from 

different sources are summarized in Table 1.2. It is worth noting that in the models, the flux 

attributed to boundary exchange is generally considered to be the sum of all fluxes except 

those from riverine and dust inputs. 
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Table 1. 2 Oceanic dissolved Nd budgets 

Inputs (net) 
Inventory 

(108 g) 

Residence 

time (yr) 

River Dust SGD Porewater 
Particle 

dissolution 

Boundary 

exchange 
  

3 ~ 15 1 ~ 4 42 ~ 125 26 ~ 160 31~ 83 55 ~ 110 45000 500 

Note. The unit is 108 g yr-1. Data are from the literature: riverine input (Goldstein and 

Jacobsen, 1987; Gaillardet et al., 2003; Dang et al., 2021a), dust (Tachikawa et al., 2003; 

Arsouze et al., 2009), SGD (Johannesson and Burdige, 2007), porewater benthic flux 

(Abbott et al., 2015b), particle dissolution (Rousseau et al., 2015), boundary exchange 

(Arsouze et al., 2009; Rempfer et al., 2011).  

Similar to Nd, the oceanic dissolved Hf is mainly supplied to the ocean by riverine inputs 

(Bayon et al., 2006; Bayon et al., 2009b; Rickli et al., 2009), which is evident from high 

reported dissolved Hf concentrations of major rivers such as the Congo river (between 32.9 

and 53.9 pmol kg-1), the Solim»es river (21.5 pmol kg-1) and the Rio Negro (23.0 pmol kg-

1) in the Amazon basin, and of other rivers (ranging from 0.05 to 5.28 pmol L-1) (Rickli et 

al., 2013; Merschel et al., 2017b; Rahlf et al., 2021). In addition to riverine Hf inputs, a 

significant contribution from submarine hydrothermal systems has also been proposed 

(Godfrey et al., 1997; Bau and Koschinsky, 2006). Moreover, a significant release of Hf 

from Saharan dust to surface waters in the Eastern Atlantic Ocean has been observed 

(Rickli et al., 2010). Finally, similar to Nd, release from particles is a source of seawater 

Hf, which has for example been observed in the Bay of Biscay (Rickli et al., 2009). But Hf 

sources and corresponding fluxes have not yet been precisely constrained resulting from 

limited data availability. 

1.4.3 Processes: controlling Nd and Hf isotope cycling 

In oceanic environments, especially in the intermediate and deep ocean, the distribution of 

dissolved Nd isotopes is primarily governed by lateral processes (i.e., horizontal advection) 

but also vertical processes play an important role. This is evidenced by the observed 

increase in [Nd] from the North Atlantic to the North Pacific. Additionally, dissolved ŮNd 

in intermediate and deep ocean waters broadly reflects quasi-conservative mixing between 

water mass endmember compositions (Tachikawa et al., 2017). However, a notable feature 

in open ocean basins is the relative depletion of dissolved [Nd] in surface waters and its 
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enrichment in deep waters (Elderfield, 1988), showing nutrient-like profiles and suggesting 

that vertical processes strongly influence [Nd] distributions in the water column. This 

decoupling of [Nd] and isotopic compositions in the ocean has been termed the óóNd 

paradoxò (Goldstein and Hemming, 2003). To address this paradox, the concept of 

ñreversible scavengingò was proposed (Siddall et al., 2008). This process involves an 

element being in dynamic equilibrium between sorption and desorption with particle 

surfaces throughout the water column, leading to scavenging onto particles and subsequent 

release into deeper water masses. The desorption can occur due to particle dissolution, 

aggregation/disaggregation, or changes in the dissolved concentration of the element as 

particles sink (Siddall et al., 2008). Note that the process of reversible scavenging relies on 

the physical process of particle adsorption/desorption onto particles and should not be 

confused with biological incorporation of REY (Siddall et al., 2008). Studies have shown 

that reversible scavenging can solve this ñNd paradoxò, as Nd isotopes are less affected by 

vertical processes than Nd concentrations in deep oceans (Wang et al., 2021). 

ñBoundary exchangeò is another significant process affecting dissolved Nd and Hf isotope 

distributions and is defined as the simultaneous release of elements from the continental 

margin to seawater and removal of elements from seawater by boundary scavenging, 

meaning that the boundary can serve as source and sink for dissolved elements (Lacan and 

Jeandel, 2005). This process can modify ŮNd signatures in bottom waters without 

significantly changing [Nd]. Rickli et al. (2014) also observed a boundary exchange 

contribution to Hf isotopes along the West Antarctic continental margin. Boundary systems 

include interfaces between land and oceans, such as continental shelves and slopes with 

large sediment deposits, and SGD. Exchange processes encompass mechanisms leading to 

the release of elements (e.g., dissolution, desorption, remineralization), which compete 

with processes that remove the same elements (e.g., precipitation, adsorption), depending 

on environmental conditions like pH or oxicïanoxic conditions (Jeandel, 2016). However, 

the exact mechanisms of Nd isotope modification at these boundaries remain unconstrained. 

Several mechanisms have been proposed to constrain boundary exchange: 1) porewater 

benthic flux, which has been mentioned above; 2) SGD supply; 3) particulate material 

dissolution at the margins and the coincident precipitation of secondary phases (e.g., 

phosphate minerals) (Pearce et al., 2013; Rousseau et al., 2015; Adebayo et al., 2022). 
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For particulate Nd and Hf isotopes, due to their similar geochemical behavior, Nd and Hf 

isotope compositions in most terrestrial rocks exhibit a strong positive correlation, known 

as the ñterrestrial arrayò (Vervoort et al., 2011). However, unlike the relatively uniform 

Sm/Nd ratios across different minerals, Lu/Hf ratios show pronounced variability. Zircon, 

a dense and refractory mineral, significantly influences the Hf isotopic signature in rocks 

and weathering solutions, as it sequesters a substantial portion of the Hf present in rocks 

but incorporates minimal amounts of Lu. Over time, this selective uptake results in zircons 

developing distinctly less radiogenic signatures than their parent rocks (Patchett et al., 

1984). During weathering and sediment transport, the Hf isotopic signatures can be further 

fractionated from their source rocks due to mineral sorting. For instance, the preferential 

transport or retention of resistant minerals like zircon can lead to a disparity in the isotopic 

composition of sediments relative to the parent rock (Carpentier et al., 2009; Gar­on et al., 

2013; Bayon et al., 2016). Moreover, given zirconôs exceptional resistance to weathering, 

the Hf isotopes released into weathering solutions tend to be more radiogenic than those of 

the bulk rocks (van de Flierdt et al., 2002; van de Flierdt et al., 2007). This influence of 

zircon on the Hf isotopic signature in weathering solutions and sediments is known as the 

ñzircon effectò (van de Flierdt et al., 2007). Additionally, the process of silicate weathering 

contributes more radiogenic Hf to river water and presumably seawater due to preferential 

dissolution of Lu-rich mineral phases, such as apatite and sphene, further enlarging the Nd-

Hf isotope decoupling (Bayon et al., 2006; Godfrey et al., 2009). 

1.5 Outline 

This thesis is divided into three main chapters (chapters 3, 4 and 5) providing the main 

results and discussion. All chapters are presented in the form of scientific manuscripts, of 

which chapter 3 has already been published, chapter 4 and chapter 5 will soon be submitted 

to a peer-reviewed journal. 

Chapter 1 provides an introduction to rare earth elements and yttrium (REY), along with 

neodymium (Nd) and hafnium (Hf) isotopes in river water, seawater, porewater and 

sediment. This chapter sets the foundation for understanding the sources and processes that 

govern the fluxes of trace elements (TEs) and the geochemical cycling of REY and Hf in 
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the Amazon continental margins. It outlines the primary research questions aimed at 

exploring these dynamics. 

Chapter 2 details the chemical methodologies employed for analyzing REY, and Nd and 

Hf isotopes in samples collected from Amazon continental margins. 

Chapter 3 delves into the distributions of Nd and Hf isotope compositions and 

concentrations across the salinity gradient in the Amazon estuary. Contrary to previous 

assumptions, we demonstrate that the observed increases in dissolved concentrations and 

isotopic variability are not primarily due to the release of Nd and Hf from particles. Instead, 

they reflect the admixture of the nearby Par§ River freshwater, which has exceptionally 

high dissolved Nd and Hf concentrations. This chapter has been published in the journal 

Nature Commutations, authored by Antao Xu, Ed Hathorne, Georgi Laukert and Martin 

Frank under the title: Overlooked riverine contributions of dissolved neodymium and 

hafnium to the Amazon estuary and oceans (https://doi.org/10.1038/s41467-023-

39922-3). 

Declaration: The contributions to this article are the following: Antao Xu, Martin Frank 

and Ed Hathorne designed and coordinated the study. Martin Frank and Ed Hathorne 

conducted the sampling. Antao Xu carried out the analytical work with guidance from Ed 

Hathorne and Georgi Laukert. Antao Xu wrote the manuscript. All coauthors contributed 

to the final version. 

Chapter 4 presents data on Nd and Hf isotopes and concentrations of rare earth elements 

and Hf in surface coastal seawater off the Amazonian mangroves and in mangrove 

sediment porewater. This study reveals that a significant portion of Nd in the coastal 

seawater is attributed to porewater discharge and dissolution of Fe-Mn oxyhydroxides or 

their interactions with seawater. Estimations based on our findings indicate that global 

mangrove systems significantly contribute to the global Nd input. This chapter is planned 

to be submit to a peer-reviewed journal authored by Antao Xu, Ed Hathorne, Michael 

Seidel, Nils E. Asp, Te Liu, Andrea Koschinsky, Thorsten Dittmar, Martin Frank under the 

title: Mangrove systems incubate a large dissolved neodymium and hafnium source 

from continental margins to the oceans. 
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Declaration: The contributions to this article are the following: Antao Xu, Martin Frank, 

Ed Hathorne, Andrea Koschinsky and Thorsten Dittmar designed and coordinated the study. 

Martin Frank, Ed Hathorne, Michael Seidel and Nils E. Asp conducted the sampling. Antao 

Xu carried out the analytical work with guidance from Ed Hathorne, Te Liu conceptualized 

the predictions of the flux changes and helped with Ra data and flux calculations. Antao 

Xu wrote the manuscript. All coauthors contributed to the final version. 

Chapter 5 examines the Nd isotope compositions and REY concentrations in near-bottom 

water on the Amazon shelf together with porewater REY profiles on the shelf and slope. 

The results suggest that the dissolution of riverine preformed Fe-Mn oxyhydroxides and 

their interactions with seawater contribute significantly to the Nd flux in near-bottom water. 

The study underscores the importance of sediment-seawater interactions, particularly 

through the cycling of Fe and Mn, in controlling the geochemistry of REY, Hf, and 

potentially other TEs on the Amazon shelf. This chapter will be prepared for submission to 

Geochimica et Cosmochimica Acta by the authors Antao Xu, Ed Hathorne, Florian Scholz, 

Sophie Paul, Chen Ling, Andrea Koschinsky and Martin Frank under the title: Substantial 

boundary inputs of dissolved neodymium and hafnium isotopes from the Amazon 

shelf. 

Declaration: The contributions to this article are the following: Antao Xu, Martin Frank, 

Ed Hathorne, Florian Scholz and Andrea Koschinsky designed and coordinated the study. 

Martin Frank, Ed Hathorne and Sophie Paul conducted the sampling. Antao Xu carried out 

the analytical work with guidance from Ed Hathorne. Antao Xu wrote the manuscript. All 

coauthors contributed to the final version. 
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2. Study area, materials and methods 

2.1 Study area 

The focus of this study is the geochemical cycling of REEs and Nd and Hf isotopes in the 

Amazon estuary, Amazonian mangrove belt, Amazon shelf and slope. The Amazon River 

supplies about 20% (6.5ï6.6 Ĭ 1012 m3 yr-1) of the global freshwater to the Atlantic Ocean 

(Dai and Trenberth, 2002). The Par§ River, located south of the Amazon River, is the 

worldôs fifth largest river with an annual discharge of 6.6 Ĭ 1011 m3 freshwater to the 

Atlantic (Prestes et al., 2020). The Amazon plume, formed by the mixing of Amazon River 

discharge and oceanic waters in the Amazon estuary spreads offshore and northwestward 

along the north Brazilian coast, covering most of the continental shelf with a 3-10 m thick 

and 80 to over 200 km wide freshwater layer (Lentz and Limeburner, 1995). At the same 

time, the Amazon River discharges up to 6.9 ~ 8.0 Ĭ 1014 g yr-1 of sediment to the Atlantic 

(Martinez et al., 2009), which corresponds to 4.9% to 5.6% of the global suspended 

sediment discharge to the ocean considering the estimated global suspended sediment 

discharge of 1.4 Ĭ 1016 g yr-1 (Overeem et al., 2017).  

The Amazon River is mainly classified as a whitewater river, given that more than 60% of 

the total discharge consists of whitewaters (e.g., Rio Solim»es and Rio Madeira) and more 

than 90% of the sediments originate from the Andes (Wittmann et al., 2010; Moquet et al., 

2015). Thus, suspended sediments delivered by Amazon River contain a rich blend of 

primary silicate minerals (e.g., mica, quartz and feldspars) originating from the Andes, 

coupled with soil-derived clay minerals from Andes and cratonic shields (e.g., illite, 

chlorite and smectite) (Gibbs, 1967). High sedimentation rates (up to 10 cm yr ī1) are 

observed on the Amazon shelf (Kuehl et al., 1986). Along with substantial amounts of 

continental detrital material (6.3 Ĭ 1014 g yrī1) (Kuehl et al., 1986), a large amount of 

organic material as much as 3.2-3.6 Ĭ 1013 g yrī1 organic carbon is exported to the Atlantic 

leading to a substantial organic carbon reservoir on the shelf (4.5 Ĭ 1012 g yrī1) (Richey et 

al., 1990; Schl³nz and Schneider, 2000; MoreiraКTurcq et al., 2003). On the Amazon shelf, 

a highly dynamic hydrology is results from the large freshwater discharge and high tidal 

range (>3 m, with strongest tidal currents of up to 2 m s-1) as well as strong along-shelf 
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currents (40-80 cm s-1) (Candela et al., 1992; Geyer et al., 1996). The suspended sediments 

within the freshwater plume are thus mainly transported towards the northwest by North 

Brazil Current (Kuehl et al., 1986; Nittrouer et al., 1986). Given the intense surface waves 

and currents, the sediments on the shelf frequently undergo resuspension and can be 

transported to other areas. A maximum reworking depth of 150 cm has been noticed at 

shallow water depths (< 15 m) (Kuehl et al., 1986) resulting its strong influence on the 

sediment re-distribution and porewater-bottom seawater mixing on the shallow shelf. 

The study in chapter 4 was conducted in the Furo do Meio mangrove creek, the Caet® 

Estuary and the North Brazil continental shelf located southeast of the Amazon estuary. 

Furo do Meio is a 4.5 km long creek draining an intertidal catchment of 2.2 km2 (Dittmar 

et al. 2001). The creek receives no upstream freshwater inputs but only local precipitation, 

reaching between 3300 mm/year during the wet season (December to May) to negligible 

amounts during the dry season (September to November) (Nobre et al. 2009). The nearby 

Caet® River discharges ~50 m3 s-1 (Aspet al. 2018). The catchment area of the Caet® River 

comprises about 3000 km2, of which 6% (190 km2) are covered by mangroves (Dittmar 

and Lara, 2001). From low- to high-salinity zones, the Caet® River is fringed by mangroves. 

Along the Amazon continental shelf, the worldôs longest continuous mangrove belt (542 

km) flourishes (Dittmar et al. 2006). It has been noticed that vast quantities of nutrients, 

particulate and dissolved organic carbon (POC and DOC), CO2 and CH4, along with 

substantial amounts of TEs are exported from these mangorve areas (Dittmar and Lara, 

2001; Dittmar et al., 2006; Call et al., 2019; Mori et al., 2019; Cabral et al., 2021; de 

Carvalho et al., 2021; Hollister et al., 2021). 
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Fig. 2. 1 Map of the study area showing sampling sites. 

Surface water, near-bottom water, surface sediment and porewaters are depicted as gray 

circles, black circles, green squares and yellow squares, respectively. Figures were 

generated by Ocean Data View (https://odv.awi.de/). 

2.2 Materials 

Surface water samples along the entire salinity gradient (Sal: 0 to >35), near-bottom 

seawater, surface sediment and porewater in the Amazon River estuary, the Par§ River 

estuary and nearby regions of the Brazilian continental shelf (Fig. 2.1) were collected 

during RV Meteor cruise M147 (29 April to 20 May 2018; official process study GApr11 
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of the international GEOTRACES program). Seawater samples were collected either with 

a towed-fish or a Conductivity-Temperature-Depth (CTD) rosette equipped with 24-Niskin 

bottles. With the towed-fish the surface water samples were recovered at 2 to 3 m water 

depth and the bottles of the CTD rosette were closed at the same depth immediately below 

the surface to sample the uppermost freshwater layer. For each sample, 20 to 40 L were 

transferred into acid-cleaned 20 L plastic cubic containers and filtered through 0.45ɛm 

Nucleopore filters within a few hours after collection. All water samples were acidified on 

board to pH ~2 using concentrated ultrapure distilled HCl and stored at room temperature 

for further treatment in the clean room laboratory at GEOMAR. Surface water in the Caet® 

River estuary were collected during the dry season (10th October) in 2017. The tidal waters 

were sampled with a bucket that was pre-rinsed twice before with the same water sample, 

during high and low tide between the 27th September and 07th October covering 11 tidal 

cycles from neap to spring tide. For porewater sampling in the mangroves, a small hole 

was dug in the sediment and five liters of porewater were obtained after discarding the 

initial two fillings of the accumulating water. These samples were filtered through 0.45 Õm 

surfactant-free cellulose acetate (SFCA) syringe filters and were then acidified with 

ultrapure HNO3 to reach a final concentration of 1% (v/v). 

Suspended particulate matter (SPM) samples were collected from the large amount of 

settled particulate material in the 20 L CTD sample plastic cubitainers of the low salinity 

samples. Thus the finest fraction retained on the 0.45 ɛm Nucleopore filters has not been 

analyzed, which accounted for 3.1 Ñ 1.0% (1SD, n=5) of the bulk SPM sample mass 

calculated based on the filter weights and SPM content of SPM samples. The SPM was 

rinsed into smaller acid cleaned containers using MQ water and excess water removed by 

siphoning after the SPM had visually settled. For collecting sediment and porewater, a 

multiple corer (MUC) was deployed at several stations across the Amazon shelf and slope. 

The MUCs were processed in a cool lab at 4~12ÁC on board immediately after retrieval. 

The bottom water overlying the sediment within the core liners, referred to as MUC bottom 

water, was filtered directly with a pre-cleaned syringe with 0.2 ɛm polycarbonate (PC) or 

cellulose acetate (CA) filter. Sediments were centrifuged at 4ï12ÁC and 3500 rpm for 40 

min in nitrogen-filled glove bags to separate the porewater and then the supernatant 

porewaters were filtered in the glove bags with 0.2 ɛm filter and acidified to pH < 2 using 
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distilled HCl. More details about sediments and porewater sampling can be found in 

Spiegel et al. (2021) and Vosteen et al. (2022). 

2.3 Methods 

2.3.1 Chemical procedures for water samples 

For Hf isotope measurements, every 20 L sample was acidified with 10 mL ultrapure 2M 

HF (40%, Merck SuprapurÈ) before adding 500 ɛL FeCl3 solution (Ḑ200 mg Fe/mL). After 

48 h, ammonia solution (25%, Merck SuprapurÈ) was added to increase the pH from about 

2 to about 7.8~8.0 to co-precipitate the trace elements with FeOOH. After 48 h the 

supernatant was syphoned off and the FeOOH precipitates were centrifuged in acid-cleaned 

50 mL centrifuge tubes and rinsed three times with deionized water (MilliQ, 18.2 Mɋcm) 

to remove most of major seawater ions. The precipitates were dissolved in a mixture of 6 

M HCl and 1 M HF and then were transferred into PFA Teflon vials and evaporated to 

dryness. The samples were then treated with aqua regia at 120  for 24 h to destroy organic 

matter and were then evaporated to dryness again. The dry samples were re-dissolved in 4 

mL 6 M HCl to transfer to Cl-form. Silica gel formed in most samples at low to 

intermediate salinities, which scavenges about 90% of the Hf in the samples (Stichel et al., 

2012a). The silica gel was separated by centrifugation, rinsed 3 times with MilliQ water, 

dissolved in 2 M HF at 100 , dried down and re-dissolved in 6 M HCl to be combine 

with the sample solution. In order to remove most of the Fe the sample solution was washed 

three times with pre-cleaned di-ethyl ether (Stichel et al., 2012a), and then dried down and 

dissolved in 1 M HCl/0.05 M HF for the first step of the column chemistry (Table 2.1). The 

REY and Hf were separated from matrix elements (Ca, Sr, Ba, Fe) using cation exchange 

chromatography (AGÈ 50W-X8, 1.4 mL, 200ï400 ɛm) following a scheme of Stichel 

(2012a). Nd was further separated from the other REEs for isotope measurements using 

EichromÈ LN-Spec resin (2 mL, 50ï100 ɛm) following a procedure of Pin and Zalduegui 

(1997) (Table 2.2). The Hf was further purified by eluting Ti and Zr using Bio-Rad AGÈ 1-

X8 resin (2 mL, 200ï400 ɛm) following M¿nker et al. (2001) (Table 2.3). Finally, the Nd 

and Hf cuts were treated with 100 ɛL quartz distilled HNO3 and 100 ɛL H2O2 (30 wt.%, 
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Merck SuprapurÈ) to destroy residual resin and organic compounds and then dissolved in 

0.3 M HNO3 and 0.5 M HNO3/0.1 M HF for isotope measurements, respectively. 

2.3.2 FeïMn oxyhydroxide extraction and alkaline fusion 

Approximately 0.2 to 1 g of particle sample material was treated with a diluted reductive 

solution consisting of 0.005 M hydroxylamine hydrochloride/1.5% acetic acid/0.03 M Na-

EDTA (sodium-ethylenediaminetetraacetate) solution buffered to pH 4 with NaOH 

(sodium hydroxide) for 10 minutes, following Huang et al. (2021) for extracting the labile 

FeïMn oxyhydroxide fraction. Total procedural blanks were below 15 pg for Nd (n = 2) 

and are hence negligible. The reproducibility was monitored by leaching marine sediment 

reference material MESS-2 (n=3). The samples were then treated with a strong reductive 

solution consisting of 0.05 M hydroxylamine hydrochloride/15% acetic acid/0.03 M Na-

EDTA solution buffered to pH 4 with NaOH overnight to completely remove residual Feï

Mn oxyhydroxides, following the method applied in Gutjahr et al. (2007). In this study, the 

term ñlabile Fe-Mn oxyhydroxide phaseò and ñresidual Fe-Mn oxyhydroxide phaseò refer 

to the first and last fractions extracted by the diluted and strong reductive solutions, 

respectively. The remaining sediment samples were further separated into clay (< 2ɛm) and 

silt or sand (> 2ɛm) fractions following the method of Bretschneider et al. (2021). In this 

study, the term ñsiltò fraction specifically refers to the sediment coarser than > 2ɛm. Both 

clay and silt parts were dried and homogenized prior to alkaline fusion following Bayon et 

al. (2009a). To monitor the accuracy and reproducibility of the leaching experiments and 

fusion techniques, reference materials with each batch of samples including marine 

sediment MESS-2 and repeat surface samples, USGS reference material BHVO-2 and 

AGV-2 were processed (see Table 2.5). 

Table 2. 1 AG50W-X8 (200-400 Õm, 1.4 mL resin) column chemistry (modified from 

Stichel, 2010). 

volume reagent stage 

2 * 1 mL MQ change the acid 

10 mL 6M HCl/1M HF pre-clean 

0.5 mL 1M HCl/0.05M HF pre-clean 

1 mL 1M HCl/0.05M HF pre-condition 
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2 mL 1M HCl/0.05M HF (sample) load and collect Hf 

2 mL 1M HCl/0.05M HF collect Hf 

5 mL 3M HCl elute Fe 

2 * 1 mL MQ change the acid 

8 mL 2M HNO3 elute Ba 

5 mL 6M HNO3 collect REE 

10 mL 6M HNO3/0.5M HF clean 

2 * 2 mL MQ Pass/store 

Table 2. 2 LN-Spec resin (50-100 Õm, 2 mL resin) column chemistry (modified after 

Pin and Zalduegui, 1997). 

volume reagent stage 

8 mL 6M HCl clean 

0.5 mL 0.1M HCl pre-condition 

1 mL 0.1M HCl pre-condition 

0.5 mL 0.1M HCl (sample) load the sample 

0.5 mL 0.1M HCl Wash and elute Ba 

8 mL 0.25M HCl elute LREE 

6 mL 0.25M HCl collect Nd 

8 mL 6M HCl clean 

1 mL 0.3M HCl pass 

1 mL 0.3M HCl store 

 

Table 2. 3 AG1-X8 (200-400 Õm, 2 mL resin) column chemistry (modified from Chu 

et al., 2002). 

volume reagent stage 

10 mL 1M HCl/1mM DTPA clean 

2+2+2 mL MQ change the acid 

2+2 mL 0.5M HCl/0.5M HF pre-condition 

2.5 mL 0.5M HCl/0.5M HF (sample) load the sample 

10 mL 
3.6M acetic/8mM HNO3/1% 

H2O2 

Wash Ti, repeat 1~3 

times 

3 mL 9M acetic elute H2O2 

5 mL 6M HCl/0.06M HF collect Hf 

10 mL 6M HNO3/0.2MHF/1% H2O2 clean 

2+2+2 mL MQ pass/resettle/store 
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Table 2. 4 AG1-X8 (200-400 Õm, 1.6 mL resin) column chemistry (from Sahoo et al., 

2006) 

volume reagent stage 

8 mL 9M HCl/1M HF clean 

2+2+2 mL MQ change the acid 

8 mL 0.1M HF pre-condition 

2 mL 0.1M HF (sample) load the sample 

4 mL 0.1M HF/2% H2O2 elute Fe, Ti 

3 mL 1M HF/0.2% H2O2 Elute Zr, Ti 

3 mL MQ wash 

6 mL 6M HCl collect Hf 

8 mL 9M HCl/1M HF Clean, elute W 

2+2+2 mL MQ pass/resettle/store 

 

2.3.3 Nd and Hf isotope measurements 

The 143Nd/144Nd ratios were measured on a Neptune Plus MC-ICP-MS at GEOMAR and 

were corrected for instrumental mass bias to 146Nd/144Nd = 0.7219 and to 142Nd/144Nd = 

1.141876 following the approach of Vance and Thirlwall (2002). The 143Nd/144Nd ratios of 

all samples were normalized to bracketing analyses of JNdi-1 standard with a value of 

0.512115 (Tanaka et al., 2000). The 176Hf/177Hf ratios of the samples measured on the 

Neptune Plus MC-ICPMS were corrected for instrumental mass bias to 179Hf/177Hf = 

0.7325 applying an exponential mass fractionation law and standard JMC 475 values were 

within uncertainty of the accepted value of 0.28216 (Nowell et al., 1998). The total 

procedural laboratory blanks for water samples (n = 6) were negligible at < 29 pg for Nd 

and 5ï24 pg for Hf compared to sample sizes of 10ï20 ng (Nd) and 2ï10 ng (Hf) for 

isotope measurements. The secondary standard solution NIST 3135a and USGS reference 

material NOD-A-1 were run with the water samples and USGS reference material AGV-2 

and BHVO-2 were run with particle samples to check the accuracy and external 

reproducibility of the procedure for Nd isotope measurements (Table 2.5). For Hf isotope 

measurement, an internal laboratory standard solution (CGHF1, Inorganic VenturesÈ) and 

USGS reference material NOD-A-1 were measure for monitoring external reproducibility. 

The external reproducibility of the Nd and Hf isotope measurements of water samples was 
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determined using standard solutions with concentrations matching those of the measured 

samples in the range of 0.20ï0.24 ŮNd units (2SD) and 0.45ï2.73 ŮHf units (2SD), 

respectively, while it was 0.18ï0.21 ŮNd units (2SD) for measurements of particle samples. 

The 2SD of the secondary standard NIST 3135a and CGHF1 are employed to illustrate the 

reproducibility of measured ŮNd and ŮHf in all figures and are shown. The 2SD of reference 

material NOD-A-1, MESS-2, BHVO-2 and AGV are reported together. ŮNd and ŮHf are 

calculated by the equations (2.1) and (2.2), respectively:  

ʀ
Ⱦ

Ⱦ
ρ ρπ (2.1) 

ʀ
Ⱦ

Ⱦ
ρ ρπ (2.2) 

where the 143Nd/144Nd and 176Hf/177Hf ratios of CHUR (Chondritic Uniform Reservoir) are 

0.512638 (Jacobsen and Wasserburg, 1980) and 0.282785 (Bouvier et al., 2008), 

respectively. 

2.3.4 Nd and Hf concentration analyses 

For Nd and Hf concentration measurements of water samples, 50 mL (low salinity samples) 

to 1 L (high salinity samples) water sample aliquots were acidified with 0.025 ~ 0.5 mL 

ultrapure 2M HF (40%, Merck SuprapurÈ) before spiking with pre-weighed 150Nd and 

180Hf spikes. The samples were preconcentrated using Fe co-precipitation, and purified on 

a AGÈ 50W-X8 column following the scheme of Rahlf et al. (2021) (Table 2.1). The 

chemical procedures for Nd and Hf concentration measurements are the same as those for 

isotopes, except for one step, as no silica gel formed in these low volume samples. Hf cuts 

were dissolved in 0.1 M HF for further purification using AGÈ 1-X8 resin (1.6 mL, 200ï

400 ɛm) to elute Ti, Zr and tungsten (W) following a procedure of Sahoo et al. (2006) 

(Table 2.4). The isotope dilution measurements of the Nd and Hf concentrations based on 

150Nd/144Nd and the 178Hf/180Hf ratios were carried out on a Nu Plasma MC-ICP-MS. 

External reproducibility (relative standard deviation, RSD) was better than 0.6% for Nd 

and better than 1.2% for Hf according to repeated treatment and measurement of the same 

sample (n = 5) 
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2.3.5 REE concentration analyses 

All REY were pre-concentrated offline using a SeaFAST system (model M5 from 

Elemental Scientific) following a method updated from Hathorne et al. (2012). Using the 

new system, 12 mL of acidified water samples were loaded onto the column using a fifth 

syringe pump and after the matrix was washed out, the REY were eluted with 400 uL of 

1.5M HNO3. Before pre-concentration, every blank, reference material and water sample 

(pH~2) was spiked with 12 ɛL of thulium solution (10 ng g-1) to monitor yields which were 

typically 99.9 Ñ 7.8% (Ñ 1SD, n=80). Before analysis on a Thermo Element XR ICP-MS 

coupled with a CETAC ñAridus 2ò desolvating nebulizer, all samples were diluted with 

200uL of 0.1% HNO3 containing 10 ng g-1 Re as an internal standard during measurement 

and to account for any sample evaporation since the pre-concentration. The use of the 

desolvating nebulizer increases sensitivity and also decreases oxide formation which was 

monitored with element solutions of barium (Ba), Ce, praseodymium (Pr) + Nd, and 

samarium (Sm) + europium (Eu) + gadolinium (Gd) + terbium (Tb) at the start of each 

analytical session. Oxide formation was generally < 0.01 Ñ 0.003% (n=3, Ñ 1SD) for Ba, < 

0.05 Ñ 0.01% (n=3, Ñ 1SD) for Ce, < 0.04 Ñ 0.01% (n=3, Ñ 1SD) for Pr+Nd and < 0.04 Ñ 

0.13% (n=3, Ñ 1SD) for the MREY. Certified natural river and estuarine water reference 

materials (NRCC SLRS-6 and SLEW-3) and GEOTRACES inter-calibration samples 

BATS 15 m and 2000 m (van de Flierdt et al., 2012) were pre-concentrated like the samples 

and measured to monitor external reproducibility and accuracy. Mean values and SD for 

the reference material measurements are given in Table 2.6 and 2.7. HREE/LREE, 

MREE/MREE* ratios, Ce anomaly (Ce/Ce*), Gd anomaly (Gd/Gd*) and Eu anomaly 

(Eu/Eu*) are defined by equations (2.3), (2.4), (2.5), (2.6) and (2.7), respectively: 

(2%%Ⱦ,2%%  (2.3) 

-2%%Ⱦ-2%%ᶻ  (2.4) 

#ÅȾ#Åᶻ
ᶻ
 (2.5) 

'ÄȾ'Äᶻ
ᶻ

ᶻ
 (2.6) 

%ÕȾ%Õᶻ
ᶻ

ᶻ
 (2.7) 
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2.4 Quality control  

Table 2. 5 Nd and Hf isotope measurements of standards and reference materials. 

Standard and reference 

material 
ŮNd (mean, 2SD, n) ŮHf (mean, 2SD, n)  

NIST 3135a -3.7 Ñ 0.20, n=68  

Seawater 

measurement 

Inorganic Ventures 

CGHF1 
 -23.1 Ñ 1.15, n=121 

USGS NOD-A-1 -9.4 Ñ 0.22, n=26 2.4 Ñ 0.67, n=61 

NIST 3135a -3.8 Ñ 0.14, n=31  

Fe-Mn 

oxyhydroxide 

measurement 

Inorganic Ventures 

CGHF1 
 -23.0 Ñ 0.43, n=128 

USGS NOD-A-1 -9.4 Ñ 0.11, n=11 2.2 Ñ 0.31, n=14 

MESS-2 -9.9 Ñ 0.11, n=3 -2.2 Ñ 0.21, n=3 

Repeat sample -7.2 Ñ 0.09, n=3 6.3 Ñ 0.33, n=3 

NIST 3135a -3.7 Ñ 0.16, n=30  

Residual 

sediment 

measurement 

Inorganic Ventures 

CGHF1 
 -23.0 Ñ 0.20, n=115 

USGS AGV-2 3.1 Ñ 0.18, n=13 6.7 Ñ 0.12, n=15 

USGS BHVO-2 6.8 Ñ 0.13, n=13 11.3 Ñ 0.14, n=14 

MESS-2  -13.9 Ñ 0.17, n=3 -6.7 Ñ 0.19, n=3 

MESS-2 (silt) -15.3 Ñ 0.23, n=3 -16.6 Ñ 0.20, n=3 

MESS-2 (bulk) -14.7 Ñ 0.05, n=3 -12.4 Ñ 0.15, n=3 

Repeat sample -11.8 Ñ 0.07, n=3 -2.4 Ñ 0.38, n=3 

Repeat sample (silt) -10.5 Ñ 0.23, n=3 -19.0 Ñ 0.31, n=3 

Repeat sample (bulk) -10.7 Ñ 0.19, n=3 -18.3 Ñ 0.17, n=3 

USGS AGV-2 2.9 Ñ 0.84, n=55 6.7 Ñ 0.76, n=39 GeoReM 

database USGS BHVO-2 6.7 Ñ 0.57, n=205 11.1 Ñ 1.18, n=118 

Note. ŮNd and ŮHf of bulk residue is calculated based on the concentrations and isotopes of 

the clay and silt components. Reported data are compiled by the GeoReM database 

(Jochum et al., 2005). 
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Table 2. 6 REY measurements of reference materials. 

Elements BATS 15m BATS 2000m 

pmol kg-1 Measured (n=28) Reported Measured (n=7) Reported 

La 
14.33 Ñ 0.46, 

3.2% 

14.74 Ñ 1.11, 

7.5% 

23.38 Ñ 0.57, 

2.4% 

23.61 Ñ 1.40, 

5.9% 

Ce 
11.73 Ñ 0.69, 

5.9% 

12.02 Ñ 1.37, 

11.4% 

5.84 Ñ 0.35, 

5.9% 

5.12 Ñ 1.13, 

22.2% 

Pr 
3.05 Ñ 0.14, 

4.5% 

3.12 Ñ 0.18, 

5.9% 

3.96 Ñ 0.09, 

2.4% 
4.03 Ñ 0.18, 4.4% 

Nd 
14.08 Ñ 0.32, 

2.3% 

14.12 Ñ 0.62, 

4.4% 

16.73 Ñ 0.48, 

2.8% 

17.33 Ñ 0.61, 

3.5% 

Sm 
3.25 Ñ 0.13, 

4.0% 

3.21 Ñ 0.18, 

5.6% 

3.33 Ñ 0.12, 

3.7% 
3.45 Ñ 0.17, 4.9% 

Eu 
0.90 Ñ 0.03, 

3.7% 

0.89 Ñ 0.05, 

5.9% 

0.90 Ñ 0.03, 

3.6% 
0.91 Ñ 0.05, 5.4% 

Gd 
4.92 Ñ 0.24, 

4.8% 

4.83 Ñ 0.27, 

5.7% 

4.71 Ñ 0.24, 

5.1% 
4.84 Ñ 0.26, 5.5% 

Tb 
0.81 Ñ 0.04, 

5.3% 

0.79 Ñ 0.04, 

5.2% 

0.73 Ñ 0.03, 

4.1% 
0.79 Ñ 0.04, 4.8% 

Dy 
5.93 Ñ 0.46, 

7.8% 

5.90 Ñ 0.26, 

4.4% 

5.24 Ñ 0.24, 

4.6% 
5.80 Ñ 0.19, 3.3% 

Y 
131.19 Ñ 

4.45,3.4% 
ˈ 

142.03 Ñ 

5.57,3.9%  
ˈ 

Ho 
1.55 Ñ 0.08, 

5.2% 

1.49 Ñ 0.07, 

4.5% 

1.44 Ñ 0.05, 

3.8% 
1.52 Ñ 0.05, 3.0% 

Er 
4.94 Ñ 0.28, 

5.7% 

4.80 Ñ 0.21, 

4.4% 

4.77 Ñ 0.18, 

3.8% 
5.04 Ñ 0.13, 2.5% 

Yb 
4.38 Ñ 0.24, 

5.5% 

4.16 Ñ 0.26, 

6.2% 

4.70 Ñ 0.12, 

2.6% 
4.76 Ñ 0.12, 2.6% 

Lu 
0.70 Ñ 0.04, 

6.1% 

0.67 Ñ 0.05, 

6.8% 

0.80 Ñ 0.02, 

2.6% 
0.81 Ñ 0.02, 2.5% 

Note. All values refer to means Ñ standard deviation (SD) and relative standard deviations 

(RSD, %). Reported data of GEOTRACES inter-calibration samples BATS 15 m and 2000 

m are from van de Flierdt et al. (2012). 
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Table 2. 7 REY measurements of reference materials. 

Elements SLEW-3 SLRS-6 (diluted 50 times) 

pmol kg-1 Measured (n=7) Reported 
Measured 

(n=36) 
Reported 

La 56.24 Ñ 1.54, 2.7% 56.80 Ñ 3.31, 5.8% 
35.80 Ñ 1.50, 

4.2% 

35.75 Ñ 1.74, 

4.9% 

Ce 52.05 Ñ 2.01, 3.9% 
53.96 Ñ 6.21, 

11.5% 

44.26 Ñ 1.62, 

3.7% 

41.78 Ñ 2.16, 

5.2% 

Pr 11.51 Ñ 0.36, 3.1% 12.14 Ñ 0.57, 4.7% 
8.05 Ñ 0.18, 

2.2% 

8.39 Ñ 0.27, 

3.2% 

Nd 59.03 Ñ 2.11, 3.6% 58.37 Ñ 5.48, 9.4% 
31.66 Ñ 0.85, 

2.7% 

31.59 Ñ 1.30, 

4.1% 

Sm 48.08 Ñ 1.79, 3.7% 46.49 Ñ 2.46, 5.3% 
5.32 Ñ 0.19, 

3.6% 

5.25 Ñ 0.23, 

4.3% 

Eu 3.79 Ñ 0.14, 3.7% 3.95 Ñ 1.25, 31.7% 
0.94 Ñ 0.05, 

5.4% 

0.96 Ñ 0.05, 

4.8% 

Gd 19.48 Ñ 0.99, 5.1% 19.59 Ñ 1.91, 9.7% 
4.15 Ñ 0.21, 

5.0% 

4.02 Ñ 0.32, 

7.9% 

Tb 2.72 Ñ 0.12, 4.6% 2.83 Ñ 0.38, 13.3% 
0.52 Ñ 0.03, 

5.3% 

0.51 Ñ 0.03, 

6.6% 

Dy 19.01 Ñ 0.93, 4.9% 
20.62 Ñ 2.34, 

11.3% 

2.88 Ñ 0.14, 

4.8% 

2.70 Ñ 0.14, 

5.0% 

Y 
453.36 Ñ 18.73, 

4.1% 

439.79 Ñ 47.24, 

10.7% 

27.90 Ñ 1.22, 

4.4% 
ˈ 

Ho 5.24 Ñ 0.22, 4.1% 5.52 Ñ 0.79, 14.3% 
0.61 Ñ 0.05, 

7.5% 

0.52 Ñ 0.04, 

7.0% 

Er 15.90 Ñ 0.71, 4.4% 
16.26 Ñ 2.15, 

13.2% 

1.58 Ñ 0.08, 

4.9% 

1.48 Ñ 0.08, 

5.6% 

Yb 10.83 Ñ 0.37, 3.4% 
11.85 Ñ 3.12, 

26.3% 

1.45 Ñ 0.08, 

5.8% 

1.29 Ñ 0.08, 

6.3% 

Lu 1.74 Ñ 0.08, 4.4% 1.89 Ñ 0.63, 33.3% 
0.23 Ñ 0.02, 

6.6% 

0.22 Ñ 0.03, 

12.0% 

Note. All values refer to means Ñ standard deviation (SD) and relative standard deviation 

(RSD, %). Reported values of reference material SLEW-3 and SLRS-6 are from Lawrence 

and Kamber (2007) and Yeghicheyan et al. (2019), respectively. 
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Abstract 

The Amazon River accounts for 20% of global freshwater runoff and supplies vital trace 

metals to the Atlantic Ocean. Suspended particles within its plume are thought to partially 

dissolve, constituting a large potential source of metals, which is, however, not well 

constrained. Here we used combined neodymium (Nd) and hafnium (Hf) isotopes to 

disprove the release of Nd and Hf from particles as the cause of the observed dissolved 

concentration increases and isotopic variability across the plume. Instead, the changes 

reflect admixture of nearby Pará River freshwater with exceptionally high dissolved Nd 

and Hf concentrations contributing 45ï100% of the riverine fraction to the southern and 

outer estuary. This result led us to develop an empirical relationship between riverine Nd 

concentration and pH to revise the global dissolved riverine Nd flux, which accordingly is 

at least three times higher than commonly used estimates. Future work should focus on 

contributions of low-pH rivers to global metal fluxes. 

3.1. Introduction   

Vast amounts of nutrients, dissolved organic matter and trace metals are introduced  into 

the Atlantic Ocean via the Amazon estuary, thereby increasing micronutrient levels 

(Rijkenberg et al., 2014) and enhancing productivity within the freshwater plume (Foster 

et al., 2007; Weber et al., 2016). In the Atlantic Ocean, these micronutrients allow 

diazotrophs and phytoplankton to flourish and sequester large amounts of atmospheric CO2 

(Cooley et al., 2007; Subramaniam et al., 2008). The factors controlling the trace metal 

contents of the plume are thus crucial to constrain and include dissolved riverine inputs 

(Martin and Whitfield, 1983; Goldstein and Jacobsen, 1988a), estuarine processes (e.g., 

removal and addition) (Sholkovitz et al., 1978), and the exchange between particulate and 

dissolved phases (Lacan and Jeandel, 2005). Despite the high dissolved riverine 

concentrations of trace elements and the large volume of freshwater discharged by the 

Amazon River (~6.6Ĭ1012 m3 yr-1) (Dai and Trenberth, 2002), sharp changes of ionic 

strength, temperature, and pH of the estuarine waters cause reactive metals such as iron 

(Fe), manganese (Mn), neodymium (Nd) or hafnium (Hf) to be removed from solution to 

a large extent (>50%) via salt-induced coagulation and precipitation of (nano-)particles and 
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colloids (NPCs) (Boyle et al., 1977; Gledhill et al., 2022), thereby reducing the fluxes of 

these metals to the Atlantic Ocean. However, inputs from diverse tributaries and suspended 

particle dissolution within the Amazon freshwater plume can partially compensate for the 

loss of rare earth elements and likely other elements in the estuary (Rousseau et al., 2015). 

The incomplete understanding of these processes limits the accuracy of trace element 

fluxes from the Amazon estuary to the Atlantic Ocean. 

Radiogenic Nd and Hf isotopic compositions, expressed as ŮNd and ŮHf, respectively (see 

Methods) are sensitive tracers of the origin and mixing of water masses (Frank, 2002; 

Stichel et al., 2012a; Stichel et al., 2012b) enabled by fingerprinting of their continental 

source contributions with distinct isotopic signatures and their quasi-conservative behavior 

in seawater resulting in oceanic residence times of 300ï1000 years and 250ï7500 years, 

respectively (Tachikawa et al., 2003; Firdaus et al., 2008; Godfrey et al., 2009; Rickli et 

al., 2009; Rempfer et al., 2011). While Nd isotopes weather largely congruently, Hf 

isotopes are strongly affected by incongruent weathering processes (van de Flierdt et al., 

2007; Rickli et al., 2009) and thus have widely been used to investigate the intensity and 

regimes of continental weathering and local to regional water mass mixing (Gutjahr et al., 

2014; Rickli et al., 2014; Filippova et al., 2017). Therefore, ŮNd and ŮHf are important tracers 

of water mixing and seawater-particle interactions in estuaries and given that rivers drain 

different catchments, ambient seawater and particles are often characterized by distinct 

isotopic fingerprints. Rousseau et al. (Rousseau et al., 2015) used dissolved and particulate 

Nd concentrations ([Nd]) and ŮNd signatures to investigate seawater-particle interaction 

processes in the Amazon estuary and observed a slight increase of dissolved [Nd] 

accompanied by a shift in ŮNd to less radiogenic values at mid to high salinities. These 

changes led them to conclude that the dissolution of (re)suspended particles releases Nd to 

the river plume and that particle dissolution in estuaries is an essential source term for the 

global marine Nd budget, possibly affecting other elements as well. However, particle 

dissolution includes both the Fe-Mn oxyhydroxide and silicate phases, which likely carry 

different isotopic signatures that were not distinguished previously. Furthermore, potential 

additional sources of Nd (and Hf) were not considered, such as the adjacent Par§ River, 

whose dissolved [Nd] and ŮNd signatures were unknown but which discharges 6.6 Ĭ 1011 

m3 of freshwater annually into the Amazon estuary (Prestes et al., 2020). 
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To investigate the contributions of all potential sources to the estuary and the Atlantic 

Ocean, we report the isotopic compositions of dissolved Nd and Hf together with those of 

particulate Nd, and the concentrations of dissolved rare earth elements and yttrium ([REY]) 

and Hf ([Hf]) in surface waters along the entire salinity gradient of the Amazon estuary, 

including the Par§ River outflow (Fig. 3.1). Samples were obtained in AprilïMay 2018 

during RV Meteor cruise M147, which was official process study Gapr11 of the 

international GEOTRACES program. The ŮNd and ŮHf signatures reveal significant 

dissolved Nd and Hf inputs from the Par§ River to the outer Amazon estuary, with far-

reaching implications for the global marine Nd and Hf budgets and potentially also for 

those of other trace elements. 

 

Fig. 3. 1 Map of the study area showing sampling sites. 

a Location of study area on the North Brazil continental shelf. b Sampling sites in the 

Amazon estuary. Stars represent stations with suspended particulate matter (SPM) 

sampling. The three transects across the Amazon and Par§ River estuaries are highlighted 

by differently colored circles and dashed rectangles. Open squares show the sampling 

stations of Rousseau et al.(Rousseau et al., 2015). The mean annual freshwater discharges 

of the Amazon River and Par§ River are indicated(2002; 2020). The map was created using 

Ocean Data View (https://odv.awi.de/) (Schlitzer, 2020). 

https://odv.awi.de/
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3.2 Results and discussion 

3.2.1 Variability of estuarine REY and Hf concentrations 

Dissolved [Nd] and [Hf] of the Par§ River endmember (Sal = 0.3) are 1036 pmol kg-1 and 

13.4 pmol kg-1, respectively, and are thus significantly higher than 502 pmol kg-1 and 12.3 

pmol kg-1 of the Amazon River freshwater endmember (Sal = 0.2). These higher 

concentrations are likely a result of the overall lower pH of the Par§ River pH of 6.2~7.4 

(Amazon River: 6.8~7.3) (Schneider et al., 2022) and/or feeding by tributaries from the 

mangrove forests, which is consistent with high trace metal export from the Amazonian 

mangrove forest areas (de Carvalho et al., 2021; Hollister et al., 2022; Matos et al., 2022). 

In addition, parent rock characteristics and floodplain supply may play a role given that 

elevated REY concentrations in the waters exiting the floodplain have been observed in the 

Amazon Basin (Barroux et al., 2006). The dissolved [Nd] of Amazon River water sampled 

in April-May 2018 agrees well with the values of 471-579 pmol kg-1 reported for August 

1989 (Sholkovitz, 1993) but is substantially lower than the 850 pmol kg-1 found in April 

2008 (Rousseau et al., 2015) documenting a dynamic mixing regime in the estuary and 

significant interannual variability, which may be related to biogeochemical changes in the 

floodplain (Barroux et al., 2006). 

The Amazon River and Par§ River freshwaters exhibit characteristic middle REY (MREY) 

enrichment patterns after normalization to Post-Archean Australian Shale (PAAS) (Taylor 

and McLennan, 1985b; Elderfield et al., 1990; Barroux et al., 2006; Rahlf et al., 2021) (Fig. 

3.2a-c). The REY patterns evolve towards light REY (LREY) depletion and heavy REY 

(HREY) enrichment signatures with increasing salinity and reach a typical seawater pattern 

with pronounced cerium (Ce) anomalies in the high-salinity zone (Sal > 25) (Elderfield and 

Greaves, 1982) following large-scale removal of dissolved REY in the low-salinity zone 

(Figs. 3.2d-e). 

Along the salinity gradient of all three transects, dissolved [Nd] and [Hf] decrease rapidly 

in the low-salinity zone (Sal < 6) due to the modification of the negative surface-charge of 

nanoparticles and colloids (NPCs) by seawater cations leading to flocculation and 

precipitation of river-borne NPCs (Boyle et al., 1977; Hoyle et al., 1984; Merschel et al., 
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2017a). The maximum removal of 90.8% and 95.0% for Nd and 87.3% and 82.5% for Hf 

is observed in the north Amazon and Par§ transects, respectively (Fig. 3.2f-g). These 

observations demonstrate that Hf, similar to HREY (Elderfield et al., 1990), is removed 

less efficiently than Nd during estuarine mixing, likely due to the relatively higher free Nd 

ion content of river water. As a net effect of competing solution- and surface-complexation 

processes, the proportion of Nd in the colloidal fraction is higher (Elderfield et al., 1990) 

and hence more Nd than Hf is removed by coagulation, which is also consistent with the 

decrease in removal efficiency from LREY to HREY during estuarine mixing (Sholkovitz, 

1993, 1995). This is supported by recent data from the Congo River estuary, where at least 

57% of the dissolved riverine Nd is removed during estuarine mixing (Sal < 23) but little 

or no estuarine removal of Hf has been observed based on the seasonal Congo River [Nd] 

and [Hf] data(Rahlf et al., 2021). In the Hudson River estuary, an increase of [Hf] at 

salinities between 5 and 15 has been observed, possibly related to pore water diffusion, 

groundwater advection or release from resuspended particles (Godfrey et al., 2008). To 

examine whether coagulation and removal of Nd and Hf continue with increasing salinity 

or Nd and Hf addition in the mid- to high-salinity zone occurs after initial removal, a second 

conservative mixing line (green dashed line in Fig 3.3) was calculated between the water 

samples corresponding to the point of maximum removal percentage and the seawater 

endmembers. Interestingly, in the south Amazon transect, we observed elevated [Nd] and 

[Hf] compared to their second conservative mixing lines for salinities of 10ï30 and 10ï25, 

respectively (statistical significance P<0.01 for Nd and P=0.06 for Hf, t-test) (Fig. 3.3c-d) 

with a significant increase in [Nd] from 26 pmol kg-1 to 35 pmol kg-1, documenting the 

contribution of a third endmember other than Amazon River and Atlantic seawater. 
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Fig. 3. 2 Rare earth elements and yttrium (REY) patterns and Nd and Hf 

concentration ([Nd], [Hf]) against salinity in surface water of the three estuarine 

transects. 

Post-Archean Australian Shale (PAAS) normalized REY patterns of surface water from the 

north Amazon transect (a), the south Amazon transect (b) and the Par§ transect (c). 

Solim»es river water (Merschel et al., 2017b) and Madeira river water (Barroux et al., 2006) 

in the Amazon basin and BATS 15 m seawater (Sal: 36.5 psu) from the western North 

Atlantic (van de Flierdt et al., 2012) are shown for comparison. Distributions of dissolved 

[Nd] (d) and [Hf] (e) of surface waters of the three estuarine transects. The dashed lines 

represent calculated conservative mixing lines between the freshwater (Sal = 0.2-0.3) and 

seawater endmembers (Sal Ó 35) in each transect. Variations in Nd and Hf removal 

percentage in surface water with respect to salinity (f, g), quantified using equation (3) in 

Methods. Salinity is given in psu. 
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3.2.2 ŮNd and ŮHf distributions across the Amazon plume 

The dissolved ŮNd and ŮHf signatures of Amazon River freshwater are -9.4 Ñ 0.2 and +1.8 Ñ 

0.9, respectively, while those of Par§ River freshwater are markedly less radiogenic, 

reaching -14.1 Ñ 0.2 and -4.1 Ñ 0.6, respectively. These Par§ River signatures are likely 

associated with higher contributions from weathering of the cratonic Shield, whose parent 

rock and suspended particulate matter (SPM) ŮNd signals predominantly range from -16 to 

-24 (Merschel et al., 2017b; Hºppner et al., 2018; Horbe et al., 2022). The ŮNd of the 

Amazon River endmember in our study agrees well with previously measured values of 

9.2 Ñ 0.4 (Stordal and Wasserburg, 1986), -8.9 Ñ 0.5 (Piepgras and Wasserburg, 1987) and 

-8.8 Ñ 0.2 (Rousseau et al., 2015). The ŮNd values of the residual Amazon River SPM (after 

removal of Fe-Mn oxyhydroxides through leaching) are consistent at -11.8 Ñ 0.03 (Ñ 1 

standard deviation, SD, n=5, open red triangles in Fig. 3.4a) and less radiogenic than -10.7 

(Rousseau et al., 2015) or -10.3 (Merschel et al., 2017b) obtained for bulk SPM samples 

from a similar section (Fig. 3.1). In contrast, the ŮNd signatures of the FeïMn oxyhydroxide 

phase of SPM that would most likely dissolve and release Nd to the plume along the north 

Amazon transect (-8.4 Ñ 0.2 ~ -8.1 Ñ 0.2) (open red squares in Fig. 3.4a) are slightly more 

radiogenic and similar to the dissolved ŮNd signature of Amazon River water. These values 

are also intermediate between the ŮNd signatures of the Solim»es (-7.1) and Madeira (-10.0), 

suggesting that the FeïMn oxyhydroxide fraction of SPMs sampled in the north Amazon 

transect mainly reflects the isotopic signals of the Amazon River that are governed by 

Andean tributaries (Merschel et al., 2017b). The ŮNd signature of FeïMn oxyhydroxides in 

the Par§ transect is -10.6 Ñ 0.2 (open green squares in Fig. 3.4a) and thus less radiogenic 

than those of the north Amazon transect. 

Figure 3.3 shows the evolution of ŮNd and ŮHf in the dissolved phase along the Amazon 

estuary surface salinity gradient. Throughout the low-salinity zone (Sal: 0~10) of the north 

Amazon and Par§ transects, ŮNd and ŮHf values are close to the conservative mixing lines, 

although large amounts of dissolved Nd and Hf are clearly removed from solution, 

supporting the efficient removal of dissolved REY and Hf without alteration or 

fractionation of the radiogenic isotope signatures in the estuarine waters (Fig. 3.3a, b, e, f). 

In the mid- to high-salinity region of the south Amazon transect, where elevated dissolved 
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[Nd] and [Hf] occur, we observe a gradual decrease in ŮNd and ŮHf signatures to -13.7 Ñ 0.2 

and -5.3 Ñ 1.0, respectively. Conservative mixing between the Amazon River and open 

Atlantic waters alone is insufficient to explain these gradients and values in the Amazon 

estuary, let alone the increase of dissolved [Nd] in the mid-salinity region. In previous 

studies, this shift was attributed to release from sediments or suspended 

particles(Sholkovitz, 1993; Rousseau et al., 2015), but our data support an alternative 

explanation. 

 

Fig. 3. 3 Nd and Hf isotopic composition (ŮNd, ŮHf) and concentration distributions 

along the salinity gradients of the three estuarine transects. 

Distributions of dissolved concentrations and isotopic compositions of Nd and Hf along 

the north Amazon transect (a, b), the south Amazon transect (c, d) and the Par§ transect (e, 

f). The solid lines in each panel represent the predicted conservative mixing lines between 

the river water and seawater endmembers for concentrations and isotopic compositions, 

respectively. The dashed lines above and below the corresponding solid lines reflect the 

uncertainties of the estimations of the ŮNd and ŮHf endmember values. Error bars correspond 

to the 2 standard deviations of the ŮNd and ŮHf measurements. The second conservative 

mixing line (green dashed line) for Nd and Hf is defined by water samples corresponding 

to the maximum removal percentage and the seawater endmembers. 
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3.2.3 Source of elevated dissolved [Nd] and [Hf] in the Amazon estuary 

The most important observation of our study is the increase in dissolved [Nd] and [Hf] at 

mid to high salinities accompanied by a shift to highly unradiogenic ŮNd and ŮHf values. 

This pattern could either be due to release from SPM, as suggested previously (Rousseau 

et al., 2015), or the result of additions from other dissolved Nd and Hf sources. The labile 

phases of SPM are mainly FeïMn oxyhydroxides that tend to dissolve and release Nd to 

the water and are sensitive to pH and redox conditions (Elderfield and Sholkovitz, 1987). 

Dissolution of 0.5%~8.0% and 0.3%~5.1% of the labile FeïMn oxyhydroxide phases in 

particles from the Amazon and Par§, respectively, or partial dissolution of residual SPM 

(0.1%~1.1% and 0.1%~0.9%, respectively) could raise the dissolved [Nd] from the 

observed 26 pmol kg-1 to 35 pmol kg-1. However, based on our measured radiogenic Nd 

isotope values, the river-seawater endmember mixing combined with particle dissolution 

cannot account for the unradiogenic ŮNd signatures (Fig. 3.4a) observed in the south 

Amazon transect (Supplementary Fig. S3.1). This is also supported by consistent REY 

patterns (Fig. 3.2b) in the south Amazon transect across the mid to high salinity gradient 

of the surface estuarine waters suggesting water mass mixing without REY addition from 

particle release, which would result in flatter REY patterns with indiscernible LREY 

depletion (Supplementary Fig. S3.2). To further constrain potential sedimentary Nd and Hf 

sources, seven near-bottom water samples recovered in the continental shelf area of the 

Amazon estuary (Supplementary Fig. S3.3) were measured. Their mean ŮNd and ŮHf 

signatures of are -11.0 Ñ 1.2 (Ñ 1SD, n=7) and 1.0 Ñ 1.7 (Ñ 1SD, n=7), respectively, 

excluding bottom supply as a significant source of the observed unradiogenic surface water 

ŮNd and ŮHf signatures. Particle dissolution/particle-seawater interaction (i.e., boundary 

exchange processes) may still occur but will be restricted to the bottom layer below the 

freshwater plume on the continental shelf and deep-sea fan. Based on the above evidence, 

admixture of Par§ River water, which has the highest dissolved [Nd] and [Hf] (1036 pmol 

kg-1 and 13.4 pmol kg-1, respectively) and least radiogenic ŮNd and ŮHf signatures (-14.1 Ñ 

0.2, -4.1 Ñ 0.6, respectively, Fig. 3.4) is the most likely explanation for the shift in isotopic 

signatures to highly unradiogenic values along the salinity gradient of the Amazon surface 

water plume. This is supported by a box model (Supplementary Figs. S3.4 and S3.5), 

showing that admixture of Par§ River water can indeed shift the ŮNd and ŮHf in the outer 
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Amazon estuary to values of -13.9 ~ -13.7 and -4.1 ~ -3.6, respectively, which are identical 

within error to the measured values, indicating an additional sedimentary source is not 

required to explain the data. This possibility had not been considered previously because 

data for the Par§ River were not available. Examining the spatial ŮNd and ŮHf distributions 

across the estuarine surface waters clearly reveals this impact of the Par§ River on the Nd 

and Hf signals of the Amazon plume (Fig. 3.5a, b). 

 

Table 3. 1 Dissolved Nd and Hf concentrations ([Nd], [Hf]) and isotopic signatures 

(ŮNd, ŮHf) of the different endmembers. 

 
Transect 

ID 
Sal [Nd] ŮNd 143Nd/144Nd [Hf] ŮHf 176Hf/177Hf 

Amazon 

River 

north 

Amazon 
0.2 501.9 -9.4 0.512158 12.3 1.8 0.282837 

Par§ River Par§ 0.4 1035.6 -14.1 0.511918 13.4 -4.1 0.282669 

Atlantic 

seawater 
ð 35.5 25.8 -11.4 0.512056 0.4 -1.0 0.282756 

Labile Fe-

Mn 

oxyhydrox

ide 

north 

Amazon 
ð ð 

-8.3 Ñ 

0.1 
0.512211 ð ð ð 

Par§ ð ð 
-10.6 Ñ 

0.02 
0.512094 ð ð ð 

Residual 

SPM 

north 

Amazon 
ð ð 

-11.8 Ñ 

0.03 
0.512031 ð ð ð 

Par§ ð ð 
-12.7 Ñ 

0.05 
0.511987 ð ð ð 

Note. The unit of [Nd] and [Hf] is pmol kg-1. The ŮNd of Fe-Mn oxyhydroxide and residual 

SPM are mean values in each transect, and their SD is calculated as the mean value over 5 

and 2 samples in the north Amazon transect and the Pará transect, respectively. 
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Fig. 3. 4 Three-endmember mixing plots of Nd and Hf isotopes (ŮNd, ŮHf) in the 

Amazon estuary. 

Three-endmember mixing relationships of ŮNd (a) and ŮHf (b) calculated based on the 
143Nd/144Nd and 176Hf/177Hf ratios with corresponding Nd concentrations ([Nd]) and Hf 

concentrations ([Hf]) and their salinities of three dissolved sources. The open squares and 

triangles represent the ŮNd signatures of the Fe-Mn oxyhydroxide fraction and of the total 

residual suspended particulate matter (SPM) from the Amazon River and Par§ River, 

respectively. ŮNd (c) and ŮHf (d) distributions in the Amazon estuary against [Nd] and [Hf], 

respectively, showing the large-scale estuarine removal of Nd and Hf. The solid lines 

represent conservative mixing between the freshwater and seawater endmembers. The 

dashed lines above and below the corresponding solid line represent uncertainties in the 

estimation of the ŮNd and ŮHf endmember values. Error bars correspond to the 2 standard 

deviations of the ŮNd and ŮHf measurements.  

A three-endmember mixing model is applied to quantify the fraction of Nd and Hf added 

to the Amazon plume from the Par§ River along the estuarine salinity gradient since the 

efficient removal process does not alter the ŮNd and ŮNd signatures. The properties of the 

three major dissolved Nd endmembers (Amazon River freshwater, Par§ River freshwater 

and Atlantic seawater) are compiled in Table 3.1. To compare the relative contribution of 

isotope signatures from the Amazon and Par§ rivers, the riverine Nd and Hf proportion 
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originating from the Par§ River (named Par§ riverine Nd fraction and Hf fraction) in each 

water sample was calculated and displayed numerically (Fig. 3.5c and 3.5d). In the inner 

Amazon River estuary (Sal < 20), the Amazon River dominates the isotope signatures of 

estuarine waters by supplying 55%ï100% and 54%ï100% riverine Nd and Hf, respectively, 

as indicated by more radiogenic ŮNd and ŮHf signatures. In contrast, the Par§ River 

component exceeds that of the Amazon River and dominates the isotope signature of 

estuarine waters in the southern and outer estuary (20 < Sal< 35) accounting for 45%ï100% 

and 46%ï100% of the riverine Nd and Hf input, respectively. The large and previously 

overlooked dissolved Nd and Hf contributions from the Par§ River are supported by the 

regional coastal circulation and satellite images of mud distribution in the estuary 

(Supplementary Fig. S3.6), as well as high concentrations of other trace metals (Fe, nickel, 

cobalt, titanium, aluminium, zinc, lead) in the Par§ River (de Carvalho et al., 2021; 2022; 

2022). Therefore, the Par§ River is an essential source of micronutrients to the Amazon 

estuary and to the western Atlantic and thus needs to be considered in future studies on the 

budget of trace elements of the western Atlantic Ocean. 
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Fig. 3. 5 Distributions of Nd and Hf isotopes (ŮNd, ŮHf) and water fractions of the Pará 

River, the Amazon River and Atlantic seawater in the Amazon estuary. 

Distributions of ŮNd (a) and ŮHf (b) in the estuary. Par§ riverine Nd fraction (c) and Hf 

fraction (d) defined by equation (7) in Methods and displayed numerically. Fractions of 

Par§ River water, Amazon River water and Atlantic seawater in the Amazon estuary are 

represented as pie charts calculated by equations (4), (5) and (6). Figures were produced 

using Ocean Data View (https://odv.awi.de/) (Schlitzer, 2020). 

3.2.4 Implications for global riverine dissolved Nd and Hf fluxes 

Accurate oceanic budgets of Nd and Hf are needed to reliably apply Nd and Hf isotopes as 

tracers of water mass sources and their mixing in the modern ocean and as proxies for past 

changes in global ocean circulation. In the modern ocean, Hf sources have not yet been 

precisely constrained but include dust/particle release (Rickli et al., 2010; Dausmann et al., 

2020), riverine inputs (Bayon et al., 2006; Bayon et al., 2009b; Rickli et al., 2009; Rahlf et 

al., 2021) and hydrothermal systems (Godfrey et al., 1997; Bau and Koschinsky, 2006). 

The riverine flux of Hf to the oceans is not well quantified with remarkably low [Hf] in 

https://odv.awi.de/
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seawater resulting in limited data availability and due to variable Hf removal during 

estuarine mixing (Godfrey et al., 2008; Rahlf et al., 2021). Therefore, it remains difficult 

to assess the importance of riverine Hf fluxes for the global Hf budget. There is 

considerably more information available on Nd inputs to the ocean via 1) dust with an 

estimated flux of 2~4 Ĭ 108 g yr-1 Nd (Tachikawa et al., 2003; Rempfer et al., 2011; Gu et 

al., 2019), and 2) rivers with an estimated flux of 3~5Ĭ 108 g yr-1 Nd (Tachikawa et al., 

2003; Rempfer et al., 2011). However, the above Nd source fluxes are not sufficient to 

balance both [Nd] and ŮNd distributions in the global ocean, resulting in a substantial deficit 

of Nd inputs of 5~11 Ĭ 109 g yr-1 estimated by models (Tachikawa et al., 2003; Arsouze et 

al., 2009; Rempfer et al., 2011; Gu et al., 2019). Possible additional Nd sources include 

submarine groundwater discharge (Johannesson and Burdige, 2007), benthic sediment 

fluxes (Abbott et al., 2015a) and release via particle dissolution (Rousseau et al., 2015). 

However, the average riverine [Nd] of 284 pmol kg-1 and 70% Nd estuarine removal, used 

in most models (Tachikawa et al., 2003; Johannesson and Burdige, 2007; Arsouze et al., 

2009; Rempfer et al., 2011; Gu et al., 2019) were calculated based on the relationship 

between [Nd] and the concentrations of Ca and Na across the salinity-gradient in two 

estuaries, respectively (Goldstein and Jacobsen, 1987, 1988b). In view of higher than 

previously assumed [Nd] observed in our study and the low Nd removal (~57%) recently 

reported for the Congo River estuary (Rahlf et al., 2021) (the second largest river globally 

in terms of volume discharge), the flux of riverine Nd needs to be re-examined to improve 

our understanding of the sources of Nd in the modern ocean. 

We have compiled dissolved [Nd] measurements of 49 globally distributed rivers together 

with their discharge and available pH values (48/49) and recalculated the discharge-

weighted mean dissolved riverine [Nd] (997 Ñ 36 pmol kg-1, Ñ1 standard error, SE) (see 

Methods) as a basis for further evaluation in a global context. A correlation between the 

pH of rivers and the dissolved riverine [Nd] has been noticed since the earliest studies and 

was attributed to solution chemistry (Goldstein and Jacobsen, 1988a; Elderfield et al., 

1990). The strong inverse correlation between pH and log [Nd] (R2=0.65, P<0.01, n=48, 

Fig. 6a) is remarkable given the likely secondary control of rock type and the amount of 

colloidal material in different rivers (Elderfield et al., 1990) and allows us to predict 

riverine dissolved [Nd] based on the large pH dataset available for global river waters 



Chapter 3. Overlooked riverine contributions of dissolved neodymium and hafnium to the Amazon estuary and oceans 

56 
 

(n=582) (GEMStat (Programme, 2017; Virro et al., 2021) and GLORICH (Hartmann et al., 

2019)). The resulting predicted weighted mean dissolved riverine [Nd] is 943 Ñ 64 pmol 

kg-1 (Ñ 1SE, n=582) (Fig. 3.6b), which is similar to the observed discharge-weighted mean 

river dissolved [Nd] estimated above, but more than 3~6 times the concentrations of 284 

pmol kg-1 and 146 pmol kg-1 previously used in models (Tachikawa et al., 2003; 

Johannesson and Burdige, 2007; Arsouze et al., 2009; Rempfer et al., 2011; Gu et al., 2019). 

Considering a global river discharge of 133.1 Ĭ 104 m3 s-1, a global riverine flux of 5.7 Ĭ 

109 g Nd yr-1 is calculated, which is (nearly) identical to previous estimates in two studies 

that took the [Nd] of only 40 or 21 rivers into account (5.4 or 5.7 Ĭ 109 g Nd yr -1) 

(Gaillardet et al., 2003; Dang et al., 2021a) Using a larger global dataset (n=582), our study 

confirms the few previous estimates of the dissolved riverine [Nd] flux while increasing 

data coverage by over 10-fold. The net dissolved Nd flux from rivers to the oceans is, 

however, controlled by the efficiency of the estuarine removal processes. A discharge-

weighted mean maximum Nd removal percentage of 85 Ñ 4% (Ñ1SE, n=12) is calculated 

from published data (12 estuarine transects) (see Methods). As revealed by mixing 

experiments (Merschel et al., 2017a) and a lower Nd removal percentage (~50%) in the 

Mississippi River estuary attributed to strong aqueous complexation of REY with natural 

organic ligands and carbonate ions (Adebayo et al., 2018), we find that maximum Nd 

removal is closely related to dissolved organic carbon concentration ([DOC]) based on the 

12 available estuarine transects. A linear correlation (R2=0.52, P<0.01) between existing 

observations (Fig. 3.6c) predicts a discharge-weighted mean maximum Nd removal 

percentage of 74 Ñ 1% (Ñ1SE, n=211) calculated based on the discharge-weighted mean 

[DOC] of over 211 rivers from a larger global dataset (n=211) (GEMStat (Programme, 

2017; Virro et al., 2021) and GLORICH (Hartmann et al., 2019)) (Fig. 3.6d). This result is 

consistent with the previously used 70% removal employed in models (Tachikawa et al., 

2003; Johannesson and Burdige, 2007; Arsouze et al., 2009; Rempfer et al., 2011; Gu et 

al., 2019). Therefore, the revised net dissolved riverine Nd flux to the global oceans is 1.5 

Ĭ 109 g Nd yr-1. This does not include any flux from river derived sediments as observed 

on continental shelves, but is still 3 to 5 times higher than the estimated global dust Nd 

input, and accounts for 17 to 27% of the global Nd input to the oceans estimated in models 

(Tachikawa et al., 2003; Rempfer et al., 2011; Gu et al., 2019). 
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Fig. 3. 6 Relationships between river pH and Nd concentration ([Nd]), and between 

dissolved organic carbon concentration ([DOC]) and maximum Nd removal 

percentage in estuaries. 

a Relationship between river pH and dissolved log [Nd] calculated from 48 rivers. b 

Predicted discharge-weighted mean [Nd] based on the available global dataset (n=582). c 

Relationship between [DOC] and maximum Nd removal percentage calculated from 12 

rivers. d Predicted discharge-weighted mean maximum Nd removal percentage based on 

the available global dataset (n=211). Some large rivers have been flagged in panels b) and 

d) to show the impact of these highly weighted rivers on the calculations of global 

discharge-weighted mean [Nd] and estuarine removal percentage. 

The revised global riverine dissolved Nd flux implies that this flux was previously 

significantly underestimated. The revised riverine Nd flux of 5.7 Ĭ 109 g yr-1 and maximum 

removal percentage of 74% should be implemented for models of Nd cycling in the future. 

There are still many limitations related to the small available dataset of [Nd], pH values 

and [DOC]. Based on the existing data, riverine [DOC] seasonally variable but the scarcity 

of such data complicates constraining the relationship between [DOC] and the maximum 

Nd removal percentage. In addition, Nd removal is influenced by the content of NPCs (e.g., 

colloidal Fe and Mn oxides) (Merschel et al., 2017a), which cannot be estimated globally 
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here due to the limited available data. Therefore, more studies on rivers during both wet 

and dry seasons are needed to better constrain annual riverine Nd fluxes and to improve 

our understanding of the global Nd budget. Our findings also suggest that future work 

should focus on the role of rivers with low pH and high [DOC], which can contain high 

trace element concentrations (e.g., Fe, Mn) (Jiann et al., 2013) and display low estuarine 

removal (Merschel et al., 2017a; Adebayo et al., 2018), as important sources of global trace 

metal fluxes to the surface oceans. 

Table 3. 2 Comparison of optimized Nd parameters between literatures and our study. 

 Previously used Revised 

  
Weighted mean, 1SD, 

1SE, 95% CI 

[Nd]observed (pmol kg-1) 146, 284 997, 860, 36, [927, 1067] 

[Nd]predicted (pmol kg-1) ð 943, 1534, 64, [818, 1067] 

[Removal] observed (%) 70 85, 13, 4, [78, 93] 

[Removal]predicted (%) ð 74, 9, 1, [73, 76] 

Gross river Nd flux (g yr-1) 0.9-1.7 Ĭ 109 5.7 Ĭ 109 

Net river Nd flux (g yr-1) 0.3-0.5 Ĭ 109 1.5 Ĭ 109 

Global Nd budget (g yr-1) 6-9 Ĭ 109 

Note. Previously used [Nd]observed, [Removal]observed, gross, net river Nd flux and global Nd 

budget are based on previous studies (Tachikawa et al., 2003; Johannesson and Burdige, 

2007; Arsouze et al., 2009; Rempfer et al., 2011; Gu et al., 2019). The standard deviation 

(1SD), standard error (1SE) and 95% confidence interval (CI) of the calculations are listed 

below, and a detailed uncertainty assessment is included in the Supplementary Material. 

3.3 Methods 

3.3.1 Sample collection and treatment 

48 water samples along the entire salinity gradient (0 to >35) in the Amazon River estuary, 

the Par§ River estuary and nearby regions of the Brazilian continental shelf (Fig. 3.1) were 

collected during RV Meteor cruise M147 (29 April to 20 May 2018; official process study 

GApr11 of the international GEOTRACES program). Surface water samples were 

collected either with a towed-fish or a Conductivity-Temperature-Depth (CTD) rosette 
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equipped with 24-Niskin bottles. With the towed-fish the water samples were recovered at 

2 to 3 m water depth and the bottles of the CTD rosette were closed at the same depth 

immediately below the surface to sample the uppermost freshwater layer. For each sample, 

20 to 40 L were transferred into acid-cleaned 20 L plastic cubic containers and filtered 

through 0.45ɛm Nucleopore filters within a few hours after collection. All samples were 

acidified on board to pH ~2 using concentrated ultrapure distilled HCl and stored at room 

temperature for further treatment in the clean room laboratory at GEOMAR. 

SPM samples were collected from the large amount of settled particulate material in the 20 

L CTD sample plastic cubitainers of the low salinity samples. Thus the finest fraction 

retained on the 0.45 ɛm Nucleopore filters has not been analyzed, which accounted for 3.1 

Ñ 1.0% (1SD, n=5) of the bulk SPM sample mass calculated based on the filter weights 

and SPM content of SPM samples. The SPM was rinsed into smaller acid cleaned 

containers using MQ water and excess water removed by siphoning after the SPM had 

visually settled. In the laboratory, the SPM was freeze dried at -52ÁC and then homogenized 

before further treatment. 

3.3.2 FeïMn oxyhydroxide extraction and alkaline fusion 

Approximately 0.2 to 1 g of SPM was treated with a diluted reductive solution consisting 

of 0.005 M hydroxylamine hydrochloride/1.5% acetic acid/0.03 M Na-EDTA (sodium-

ethylenediaminetetraacetate) solution buffered to pH 4 with NaOH (sodium hydroxide) for 

10 minutes, following Huang et al. (2021) for extracting the labile FeïMn oxyhydroxide 

fraction. Total procedural blanks were below 15 pg for Nd (n = 2) and are hence negligible. 

The reproducibility was monitored by leaching marine sediment reference material MESS-

2 (n=3). The SPMs were then treated with strong reductive solution consisting of 0.05 M 

hydroxylamine hydrochloride/15% acetic acid/0.03 M Na-EDTA solution buffered to pH 

4 with NaOH overnight to completely remove residual FeïMn oxyhydroxides, following 

the method applied in Gutjahr et al. (2007) In this study, the labile FeïMn oxyhydroxide 

phase data we measured refers specifically to the fraction extracted by the diluted reductive 

solution. The residual SPM samples were dried at low temperature (<45ÁC) in an oven and 

homogenized prior to alkaline fusion following Bayon et al. (2009a) The accuracy and 
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reproducibility of the fusion technique was monitored by processing reference materials 

with each batch of SPM samples including marine sediment MESS-2 (n=3), USGS 

reference material BHVO-2 (n=3) and AGV-2 (n=3). Total procedural blanks were below 

80 pg for Nd (n = 4) are therefore negligible. 

3.3.3 Neodymium and hafnium isotope analyses 

Filtered water samples for ŮNd and ŮHf analysis were preconcentrated by iron (Fe) co-

precipitation. To remove most of this Fe, the samples were treated with pre-cleaned di-

ethyl ether (Stichel et al., 2012a). The REY and Hf of water and SPM samples were 

separated from matrix elements using cation exchange chromatography (AGÈ 50W-X8, 

1.4 mL, 200ï400 ɛm) following the scheme of Stichel et al. (2012a). Nd was further 

separated from the other REY for isotope measurements using EichromÈ LN-Spec resin (2 

mL, 50ï100 ɛm) following the procedure of Pin and Zalduegui (1997). The Hf was further 

purified by eluting titanium (Ti) and zirconium (Zr) using Bio-Rad AGÈ 1-X8 resin (2 mL, 

200ï400 ɛm) following M¿nker et al., (2001).The 143Nd/144Nd ratios were measured on a 

Neptune Plus MC-ICP-MS at GEOMAR and were corrected for instrumental mass bias to 

146Nd/144Nd = 0.7219 and to 142Nd/144Nd = 1.141876 following the approach of Vance and 

Thirlwall (2002). The 143Nd/144Nd ratios of all samples were normalized to bracketing 

analyses of JNdi-1 standard with a value of 0.512115 (Tanaka et al., 2000). The 176Hf/177Hf 

ratios of the samples measured on the Neptune Plus MC-ICPMS were corrected for 

instrumental mass bias to 179Hf/177Hf = 0.7325 applying an exponential mass fractionation 

law and standard JMC 475 values were within uncertainty of the accepted value of 0.28216 

(Nowell et al., 1998). The total procedural laboratory blanks for water samples (n = 6) were 

negligible at < 29 pg for Nd and 5ï24 pg for Hf compared to sample sizes of 10ï20 ng (Nd) 

and 2ï10 ng (Hf) for isotope measurements. Secondary standard solution NIST 3135a and 

USGS reference material NOD-A-1 were run with water samples and USGS reference 

material AGV-2 and BHVO-2 were run with SPM samples to check the accuracy and 

external reproducibility of the procedure for Nd isotope measurements. For Hf isotope 

measurement, an internal laboratory standard solution (CGHF1, Inorganic VenturesÈ) and 

USGS reference material NOD-A-1 were measure for monitoring external reproducibility. 

The external reproducibility of the Nd and Hf isotope measurements of water samples was 
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determined using standard solutions with concentrations matching those of the measured 

samples in the range of 0.20ï0.24 ŮNd units (2SD) and 0.45ï2.73 ŮHf units (2SD), 

respectively, while it was 0.18ï0.21 ŮNd units (2SD) for measurements of particle samples. 

The 2SD of the secondary standard NIST 3135a and CGHF1 are employed to illustrate the 

reproducibility of measured ŮNd and ŮHf in all figures and are shown in. ŮNd and ŮHf are 

calculated by the equations (3.1) and (3.2), respectively:  

ʀ
Ⱦ

Ⱦ
ρ ρπ (3.1) 

ʀ
Ⱦ

Ⱦ
ρ ρπ (3.2) 

where the 143Nd/144Nd and 176Hf/177Hf ratios of CHUR (Chondritic Uniform Reservoir) are 

0.512638 (Jacobsen and Wasserburg, 1980) and 0.282785 (Bouvier et al., 2008), 

respectively. 

3.3.4 Neodymium and hafnium concentration analyses 

For Nd and Hf concentration measurements of water samples, 50 mL (low salinity samples) 

to 1 L (high salinity samples) water sample aliquots were spiked with pre-weighed 150Nd 

and 180Hf spikes, preconcentrated using Fe co-precipitation, and purified on a AGÈ 50W-

X8 column following the scheme of Rahlf et al. (2021). Hf cuts were dissolved in 0.1 M 

HF for further purification using AGÈ 1-X8 resin (1.6 mL, 200ï400 ɛm) to elute Ti, Zr and 

tungsten (W) following a procedure of Sahoo et al. (2006). The isotope dilution 

measurements of the Nd and Hf concentrations based on 150Nd/144Nd and the 178Hf/180Hf 

ratios were carried out on a Nu Plasma MC-ICP-MS. External reproducibility (2SD) was 

better than 0.6% for Nd and better than 1.2% for Hf according to repeated treatment and 

measurement of the same sample (n = 5). 

3.3.5 Rare earth elements and yttrium concentration analyses 

All REY were pre-concentrated offline using a SeaFAST system (model M5 from 

Elemental Scientific) following a method updated from Hathorne et al. (2012). Using the 

new system, 12 mL of acidified water sample was loaded precisely on the column using a 

fifth syringe pump and after the matrix was washed away, the REY were eluted with 400 
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uL of 1.5M HNO3. Before pre-concentration, every blank, reference material and water 

sample (pH~2) was spiked with 12 ɛL of thulium solution (10 ng g-1) to monitor yields 

which were typically 99.9 Ñ 5.9% (Ñ 1SD, n=58). Before analysis on a Thermo Element 

XR ICP-MS coupled with a CETAC ñAridus 2ò desolvating nebulizer, all samples were 

diluted with 200uL of 0.1% HNO3 containing 10 ng g-1 Re as an internal standard during 

measurement and to account for any sample evaporation since the pre-concentration. The 

use of the desolvating nebulizer increases sensitivity and also decreases oxide formation 

which was monitored with element solutions of barium (Ba), Ce, praseodymium (Pr) + Nd, 

and samarium (Sm) + europium (Eu) + gadolinium (Gd) + terbium (Tb) at the start of each 

analytical session. Oxide formation was generally < 0.01 Ñ 0.003% (n=3, Ñ 1SD) for Ba, < 

0.05 Ñ 0.01% (n=3, Ñ 1SD) for Ce, < 0.04 Ñ 0.01% (n=3, Ñ 1SD) for Pr+Nd and < 0.04 Ñ 

0.13% (n=3, Ñ 1SD) for the MREY. Certified natural river and estuarine water reference 

materials (NRCC SLRS-6 and SLEW-3) and GEOTRACES inter-calibration samples 

BATS 15 m and 2000 m (van de Flierdt et al., 2012) were pre-concentrated like the samples 

and measured to monitor external reproducibility and accuracy. 

3.3.5 Nd and Hf removal and three-endmember model calculations 

Nd and Hf removal percentage are quantified with equation (3): 

Ϸ ÒÅÍÏÖÁÌρ
  

  
ρππ (3) 

where [Nd or Hf]measured represents measured concentrations and [Nd or Hf]conservative 

represents concentrations expected from two-endmember conservative mixing for the same 

salinity. The three-endmember mixing model is established based on the 143Nd/144Nd and 

176Hf/177Hf ratios with corresponding [Nd] and [Hf] and their salinities of three dissolved 

sources (i.e., Amazon River, Par§ River and Atlantic seawater), which are list in Table 3.1. 

Three major dissolved Nd fractions are defined: the Amazon River freshwater fraction, fAma; 

the fraction from the Atlantic seawater endmember, fAtl; and the Par§ River freshwater 

fraction, fPar§. The fractions of fAma, fAtl, fPar§ of all samples along the estuarine gradient are 

calculated by the equations (3.4), (3.5) and (3.6): 

Æ Æ ÜÆ ρ (3.4) 
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3ÁÌ Æ 3ÁÌ ÜÆ Ü3ÁÌ Æ 3ÁÌ  (3.5) 

Ⱦ Ü Ü Ⱦ Ü Ⱦ

Ü Ü

ρτσȾρττ  (3.6) 

The Par§ riverine Nd and Hf fractions are defined by equation (3.7): 

0ÁÒÜ ÒÉÖÅÒÉÎÅ .Ä ÁÎÄ (Æ ÆÒÁÃÔÉÏÎÜ

Ü
 (3.7) 

3.3.6 Discharge-weighted mean river dissolved Nd concentration and removal 

percentage calculations 

The discharge-weighted mean dissolved [Nd] (C) of rivers was calculated by equation (3.8):  

#  (3.8) 

where Dk is the fraction of each river discharge in the total global river discharge of 133.1 

Ĭ 104 m3 s-1 and Nk is the [Nd] measured in each river. The discharge-weighted mean 

maximum estuarine Nd removal percentage (F) was calculated using equation (3.9): 

&  (3.9) 

where Dk is as above and Rk is the Nd removal percentage calculated for each river. 

3. 4 Data Availability  

All data generated in this study are provided in the Supplementary files and are also 

available on PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.959573). Global 

river pH and dissolved organic carbon datasets (GEMStat and GLORICH) used in this 

study are available through the GEMStat website (https://gemstat.org/) and PANGAEA 

website (https://doi.pangaea.de/10.1594/PANGAEA.902360), respectively.  
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3.5 Supplementary Materials 

This document contains: 

Å Supplementary Tables 1-4 

Å Supplementary Figs. 1-7 

 

Table S3. 1 Nd concentration ([Nd]) and ŮNd of FeïMn oxyhydroxides, residual and bulk suspended particulate matter (SPM) 

from the Amazon River and Pará River. 

Diluted reductive solution Strong reductive solution Residual SPM Bulk SPM Origin 

Labile Fe-

Mn 

oxyhydroxid

es [Nd] 

Labile Fe-

Mn 

oxyhydroxid

es ŮNd 

Fe-Mn 

oxyhydroxi

des [Nd] 

Fe-Mn 

oxyhydroxide

s ŮNd 

[Nd] ŮNd [Nd] ŮNd  

21.8 Ñ 2.6 -8.3 Ñ 0.1 59.3 Ñ 8.5 -7.9 Ñ 0.1 
157.3 Ñ 

26.0 

-11.8 Ñ 

0.03 

238.4 Ñ 

32.1 
-11.3 Ñ 0.2 Amazon 

34.2 Ñ 0.8 -10.6 Ñ 0.02 105.1 Ñ 2.2 -10.3 Ñ 0.1 194.1 Ñ 2.4 
-12.7 Ñ 

0.05 
333.4 Ñ 0.5 

-12.1 Ñ 

0.02 
Par§ 

Note. s.d. is calculated for the mean value of 5 samples in the north Amazon transect and 2 samples in the Par§ transect. The unit of [Nd] 

is ɛmol kg-1. The diluted reductive solution is a mixture of 0.005 M hydroxylamine hydrochloride/1.5% acetic acid/0.03 M Na-EDTA 

solution buffered to pH 4 with NaOH, while the concentrations of hydroxylamine hydrochloride and acetic acid in the strong reductive 

solution are 10 times higher. Residual SPM represents the SPM after removal of the Fe-Mn oxyhydroxides phases, while the bulk SPM 

represents the sum of all phases. Further details of SPM sample treatment have been provided in the methods of the main text. 
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Table S3. 2 Average rare earth element and yttrium (REY) concentrations of FeïMn oxyhydroxides, residual and bulk SPM 

from the Amazon River and Pará River. 

Origin Amazon River Par§ River 

ɛmol 

kg-1 

Labile Fe-Mn 

oxyhydroxides 

Fe-Mn 

oxyhydroxides 

Residual 

SPM 
Bulk SPM 

Labile Fe-Mn 

oxyhydroxides 

Fe-Mn 

oxyhydroxides 

Residual 

SPM 
Bulk SPM 

La 15.7 Ñ 1.9 42.9 Ñ 6.4 234.9 Ñ 40.8 
293.4 Ñ 

45.2 
25.8 Ñ 0.3 80.3 Ñ 2.8 303.1 Ñ 3.7 

409.1 Ñ 

0.6 

Ce 47.6 Ñ 5.9 119.3 Ñ 19.1 433.7 Ñ 43.3 
600.6 Ñ 

55.4 
73.8 Ñ 1.4 228.4 Ñ 8.5 510.8 Ñ 2.3 

813.0 Ñ 

7.6 

Pr 5.2 Ñ 0.6 13.9 Ñ 2.0 51.5 Ñ 8.7 
70.6 Ñ 

10.2 
8.3 Ñ 0.1 25.1 Ñ 0.6 64.3 Ñ 1.0 97.7 Ñ 0.2 

Nd 21.8 Ñ 2.6 59.3 Ñ 8.5 157.3 Ñ 26.0 
238.4 Ñ 

32.1 
34.2 Ñ 0.8 105.1 Ñ 2.2 194.1 Ñ 2.4 

333.4 Ñ 

0.5 

Sm 5.1 Ñ 0.6 13.8 Ñ 2.0 27.0 Ñ 4.2 45.9 Ñ 5.7 7.7 Ñ 0.2 23.4 Ñ 0.5 32.0 Ñ 0.3 63.0 Ñ 0.4 

Eu 1.1 Ñ 0.1 3.0 Ñ 0.4 5.2 Ñ 0.7 9.4 Ñ 1.0 1.7 Ñ 0.02 5.1 Ñ 0.1 6.1 Ñ 0.2 
12.9 Ñ 

0.02 

Gd 4.5 Ñ 0.5 12.2 Ñ 1.8 20.7 Ñ 3.0 37.5 Ñ 4.4 6.7 Ñ 0.1 20.5 Ñ 0.6 23.5 Ñ 0.3 50.7 Ñ 0.4 

Tb 0.7 Ñ 0.1 1.8 Ñ 0.3 3.1 Ñ 0.4 5.6 Ñ 0.6 1.0 Ñ 0.01 3.0 Ñ 0.1 3.3 Ñ 0.1 
7.3 Ñ 

0.003 

Dy 3.5 Ñ 0.4 9.7 Ñ 1.4 20.7 Ñ 2.4 34.0 Ñ 3.3 5.3 Ñ 0.05 16.2 Ñ 0.5 21.5 Ñ 0.7 43.0 Ñ 0.1 

Y 31.2 Ñ 3.3 82.0 Ñ 11.2 236.1 Ñ 28.2 
349.3 Ñ 

34.1 
48.6 Ñ 0.3 137.3 Ñ 1.1 236.4 Ñ 9.1 

422.2 Ñ 

7.7 

Ho 0.6 Ñ 0.1 1.8 Ñ 0.3 4.4 Ñ 0.5 6.7 Ñ 0.6 1.0 Ñ 0.01 2.9 Ñ 0.1 4.5 Ñ 0.2 8.4 Ñ 0.1 

Er 1.5 Ñ 0.2 4.3 Ñ 0.6 13.2 Ñ 1.5 19.1 Ñ 1.8 2.4 Ñ 0.1 7.5 Ñ 0.2 13.3 Ñ 0.3 23.2 Ñ 0.1 

Yb 1.1 Ñ 0.1 3.3 Ñ 0.5 13.5 Ñ 1.3 17.9 Ñ 1.5 1.8 Ñ 0.02 5.8 Ñ 0.1 13.6 Ñ 0.4 21.2 Ñ 0.4 

Lu 0.1 Ñ 0.02 0.4 Ñ 0.1 2.0 Ñ 0.2 2.6 Ñ 0.2 0.2 Ñ 0.01 0.8 Ñ 0.01 2.1 Ñ 0.1 3.1 Ñ 0.04 

Note. s.d. is calculated for the mean value of 5 samples in the north Amazon transect and 2 samples in the Par§ transect. REY 

concentration is given in ɛmol kg-1. 
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Table S3. 3 Calculated estuarine water ŮNd changes in the mid- to high-salinity zone of the south Amazon transect resulting 

from the influence of SPM from the Amazon River and Pará River. 

Sta_I
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[psu
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ŮNd 

mea

sure
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[Nd] 

mea

sure
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[pm
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cons

ervat

ive 

[pmo

l kg-

1] 
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AM18 9.3 
-

10.3 
26.1 25.8 -9.8 0.3 2.7 

0.52%, 

0.33% 

-9.8, 

-9.8 

0.07%, 

0.06% 

-9.8, 

-9.8 

0.05%, 

0.03% 

-9.8, 

-9.8 

-0.4, 

-0.4 

-0.4, 

-0.4 

-0.4, 

-0.4 

AM17 12.3 
-

10.6 
27.6 25.3 -9.9 2.3 3.6 

2.83%, 

1.80% 

-9.9, 

-9.9 

0.39%, 

0.32% 

-9.9, 

-9.9 

0.26%, 

0.19% 

-9.9, 

-9.9 

-0.8, 

-0.8 

-0.8, 

-0.7 

-0.8, 

-0.8 

AM16 15.9 -11.0 27.9 24.7 -9.9 3.3 2.5 
6.03%, 

3.84% 

-9.9, 

-9.9 

0.84%, 

0.68% 

-9.9, 

-10.0 

0.55%, 

0.39% 

-9.9, 

-9.9 

-1.1, 

-1.1 

-1.0, 

-1.0 

-1.1, 

-1.0 

AM15 20.5 -11.8 29.3 23.8 
-

10.0 
5.5 4.3 

5.82%, 

3.70% 

-9.9, 

-10.0 

0.81%, 

0.65% 

-10.1, 

-10.1 

0.53%, 

0.38% 

-10.0, 

-10.1 

-1.9, 

-1.8 

-1.7, 

-1.7 

-1.7, 

-1.7 

AM36 24.9 
-

13.2 
29.1 23.0 

-

10.1 
6.1 7.8 

3.56%, 

2.26% 

-10.0, 

-10.1 

0.49%, 

0.40% 

-10.2, 

-10.3 

0.33%, 

0.23% 

-10.2, 

-10.2 

-3.3, 

-3.1 

-3.0, 

-3.0 

-3.1, 

-3.0 

AM14 26.8 
-

10.8 
34.6 22.7 

-

10.2 
11.9 6.9 

7.96%, 

5.07% 

-9.8, 

-10.3 

1.10%, 

0.89% 

-10.5, 

-10.7 

0.73%, 

0.52% 

-10.4, 

-10.6 

-1.0, 

-0.5 

-0.2, 

-0.1 

-0.4, 

-0.2 

AM13 30.7 
-

13.5 
32.2 22.0 

-

10.5 
10.2 ð ð 

-10.1, 

-10.5 
ð 

-10.7, 

-10.9 
ð 

-10.6, 

-10.8 

-3.3, 

-2.9 

-2.7, 

-2.6 

-2.8, 

-2.7 

Notes. 

(1) The possible influence of SPM dissolution from the Amazon River and Par§ River on the variation of ŮNd in estuarine waters were 

calculated separately. 

(2) The conservative Nd concentration ([Nd]conservative) is calculated between the water samples exhibiting maximum removal in the 

estuary and the seawater endmember. 

(3) The conservative ŮNd signature (ŮNd conservative) corresponds to the two-endmember conservative mixing of Amazon freshwater 

(S: 0.2, [Nd]: 501.9 pmol kg-1, ŮNd: -9.4) and seawater (S: 35.5, [Nd]: 25.8 pmol kg-1, ŮNd: -11.4) in the transect. 
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(4) [Nd] addition = [Nd]measured ï [Nd]conservative. 

(5) Dissolution of labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM is calculated by the equation: contribution = ([Nd] addition 

/ (Fe-Mn oxyhydroxides [Nd] or residual SPM [Nd] or bulk SPM [Nd] / SPM content)) * 100 assuming that the [Nd] addition is 

only supplied via dissolution of the labile Fe-Mn oxyhydroxides or residual SPM or bulk SPM. 

(6) ȹNd = ŮNd measured ï ŮNd labile Fe-Mn influenced or ŮNd residue influenced or ŮNd bulk influenced. 

 

 
Fig. S3. 1 Calculated estuarine water ŮNd changes influenced by SPM dissolution in the mid- to high-salinity zone of the south 

Amazon transect. 

Panels a) and b) show the ŮNd changes influenced by the dissolution of labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM from 

the Amazon and Par§ rivers, respectively. The large difference between the modeled ŮNd changes and measured ŮNd in the mid- to high-

salinity zone precludes SPM dissolution as the main source for the increase of [Nd] and less radiogenic ŮNd signatures in the Amazon 

estuarine plume. 
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Fig. S3. 2 Calculated estuarine water REY changes influenced by SPM dissolution in the mid- to high-salinity zone of the south 

Amazon transect. 

Panels a) to g) show the REY concentrations changes (normalized to conservative mixing) influenced by the dissolution of different 

phases of SPM from the Amazon River. Panel h) display the estuarine water REY patterns of changes influenced by the dissolution of 

labile Fe-Mn oxyhydroxides, residual SPM and bulk SPM from the Amazon River. The sample with the highest REY concentrations 

corresponding to a [Nd] of 34.6 pmol kg-1 in the mid- to high-salinity zone of the south Amazon transect is selected to calculate the 

influence of SPM dissolution on the REY pattern of estuarine water. Panel h) also show the REY patterns of labile Fe-Mn oxyhydroxides, 

residual SPM and bulk SPM from the Amazon River. 
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Fig. S3. 3 Stations of near-bottom water sampling above the continental shelf area of the Amazon estuary. 
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Fig. S3. 4 Establishment of a box model for the Amazon estuary. The box includes the Pará estuary and outer Amazon estuary 

with width WB. The schematic of the Nd and Hf mass calculations in the box model is shown in panel b. 

 

 

Fig. S3. 5 Relationships between salinity and dissolved Nd and Hf concentrations with distance from the Pará River mouth. 
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Table S3. 4 Parameters and results of the box model used in this study. 

Parameters or results 
Par§ River Amazon River Seawater 

Box Box  

[Nd], [Hf] (pmol kg-1) 1035.6, 13.4 501.9, 12.3 25.8, 0.4 

ŮNd, ŮHf -14.0, -4.1 -9.4, 1.8 -11.4, -1.0 

Salinity 0.4 0.2 35.5 

Distance, width and depth (km) 352, 70, 0.005 352, 70, 0.005  

Discharge in May (m3 day-1) 2.6 Ĭ 109 2.3 Ĭ 1010  

Seawater volume (m3) 5.7Ĭ 1010 5.7Ĭ 1010  

Freshwater volume (m3) 6.5 Ĭ 1010 7.5 Ĭ 109  

Nd, Hf mass (mol) 
5.2 Ĭ 103, 1.5 Ĭ 

102 

5.2 Ĭ 103, 1.5 Ĭ 

102 
 

Nd, Hf maximum removal percentage 

(%) 
95.0%, 82.5% 90.8%, 87.3%  

Gross Nd, Hf supply (mol) 
6.8 Ĭ 104, 8.7 Ĭ 

102 
0-3.8 Ĭ 103, 0-93  

Removed Nd, Hf mass (mol) 
6.4 Ĭ 104, 7.2 Ĭ 

102 
0-3.4 Ĭ 103, 0-81  

Net Nd, Hf supply (mol) 
3.4 Ĭ 103, 1.5 Ĭ 

102 
0-3.5 Ĭ 102, 0-12 

1.5 Ĭ 103, 

23 

Calculated mean ŮNd, ŮHf -13.9 ~ -13.7, -4.1 ~ -3.6 
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Fig. S3. 6 Regional coastal circulation (Laurindo et al., 2017) and satellite images of mud distribution in the Amazon estuary 

(Dauphin, 2020), documenting the northward deflection of both river plumes.  

The Amazon plume is usually deflected northward along the coast, while the direct deflection along the coast of the Par§ plume is 

hindered by the strong discharge of the Amazon River. However, further offshore, the highly channeled Par§ plume is also deflected to 

the north by the vigorous North Brazil Current (NBC), which explains the observed higher Par§ River fractions at this location. 
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Fig. S3. 7 Locations of compiled global river dataset of this study indicated by pH (circles) and dissolved organic carbon (DOC) 

concentration (triangles). 

Original data for predicting discharge-weighted mean dissolved riverine [Nd] and maximum Nd removal percentage are from GEMStat 

(Programme, 2017; Virro et al., 2021) and GLORICH (Hartmann et al., 2019). Figure produced using QGIS. 
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Methods 

Rare earth element and yttrium concentration and neodymium isotope analyses of SPM 

The rare earth element and yttrium concentration analyses of FeïMn oxyhydroxides (including those treated with a diluted and strong 

reductive solution) and the residual were measured on an Agilent 7500cx Quadrupole-ICP-MS at GEOMAR. The reproducibility was 

monitored by repeated measurements of certified reference sediment material MESS-2 (n=3). The REY concentration of bulk SPM is 

calculated as the sum concentration of FeïMn oxyhydroxides and residual SPM. The Nd isotopic composition was measured on a 

Neptune Plus MC-ICPMS at GEOMAR. Details have been provided in the methods of the main text. 

Establishment of the box model 

The box model was established following Kaul and Froelich Jr (1984). The relationships between salinity and dissolved Nd and Hf 

concentrations with distance in the estuary are described by the following equations: 

F(Nd) = f(x) = 318.056 Ĭ x -0.442 (S3.1) 

F(Hf) = f(x) = 7.455 Ĭ x -0.394 (S3.2) 

F(Salinity) = f(x) = 1.047 Ĭ x 0.549 (S3.3) 

The freshwater volume, seawater volume, Nd and Hf masses in the Par§ estuary and outer Amazon estuary were calculated by integrating 

the following equations: 

Nd or Hf concentration mass (MNd or Hf-final): ᷿ ὪὼȢὨὩὴὸὬȢύὭὨὸὬȢὨὼ 
Ȣ

(S3.4) 
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Seawater volume (Volseawater): ᷿  ὨὩὴὸὬȢύὭὨὸὬȢὨὼ 
Ȣ

(S3.5) 

Freshwater volume (Volfreshwater): ᷿  ὨὩὴὸὬȢύὭὨὸὬȢὨὼ 
Ȣ

(S3.6) 

ŮNd or ŮHf was calculated by equation (7): 

ŮNdfinal=
             

       
 (S3.7) 

where the MNd or Hf-freshwater or -seawater is the gross Nd or Hf mass supplied by the Amazon River, Par§ River or seawater and is calculated 

by equation (S3.8), MNd or Hf-final is the Nd or Hf mass in the box calculated by equation (S3.4) and MNd or Hf-removal is the Nd or Hf mass 

removed in the estuary calculated by equation (S3.9): 

MNd or Hf = Volwater Ĭ [Nd] or [Hf] (S3.8) 

MNd or Hf-removal = Volwater Ĭ [Nd]freshwater or [Hf]freshwater
 Ĭ Percentageremoval (S3.9) 

where the Percentageremoval reflects the maximum removal percentage of Nd or Hf in the estuary quantified with equation (S3.1) in the 

main text. 

 

Quantifying uncertainty in the calculation of revised weighted mean riverine dissolved [Nd] using global datasets 

In this study, the pH values of 582 global rivers and DOC data of 211 rivers entering the oceans have been compiled to predict [Nd] and 

maximum removal percentage. To assess the uncertainty in our calculations, we employed measures such as standard deviation (1s.d.), 
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standard error (1s.e.), and 95% confidence interval (CI) (listed in Table S3.2). The calculation of [Nd] yielded a 1s.d. of 1534 pmol kg-

1, confirming a wide range of values in the dataset (n=582), as shown by the positively skewed distribution of [Nd] in global rivers (Fig. 

6b). Therefore, we calculated the weighted mean instead of the mean value to reduce the effect of extreme values. It is important to note 

that the standard deviation primarily represents the statistical dispersion of [Nd] in global rivers. Thus, it was not appropriate to solely 

rely on the standard deviation for displaying the accuracy and uncertainty of the weighted mean calculation. The small 1s.e. and narrow 

range of 95% CI suggest relatively precise estimations of dissolved riverine weighted mean [Nd] and maximum removal percentage, 

with low levels of uncertainty. Furthermore, it is worth noting that our calculated value of 943 pmol kg-1 for the predicted weighted 

mean dissolved riverine [Nd] is consistent with the estimates of 1054 pmol kg-1 by Gaillardet et al. (2003) and 894 pmol kg-1 by Dang 

et al. (2021a). The close correspondence of our estimate to these previously determined values supports the reliability and accuracy of 

our calculations. 
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Abstract 

Mangroves are considered guardians of the global ecosystem nurturing a wide range of 

marine biodiversity and counteracting global warming by sequestering atmospheric CO2. 

Hence, the export mechanisms and fluxes of particulate and dissolved organic carbon and 

trace elements (TEs) from mangroves directly influence coastal life and climate. 

Combining radiogenic neodymium (Nd) and hafnium (Hf) isotopes and rare earth element 

concentrations we show that the Amazonian mangrove belt supplies TEs through porewater 

discharge, the dissolution of iron-manganese (Fe-Mn) oxyhydroxides and their interactions 

with seawater. Together, these processes supply 8.4 Ĭ 106 g yr-1 dissolved Nd, equivalent 

to 64% of the dissolved Nd flux in Amazonian coastal seawater. Globally, mangrove 

systems contribute 6ï9% of the net Nd input to the ocean, which is similar to atmospheric 

deposition. We project an annual decrease of TE fluxes from mangroves of 0.26% under 

the scenario of an estimated annual mangrove area loss of 0.13%, which emphasizes the 

urgency of mangrove conservation. 

4.1 Introduction  

Tropical mangrove forests serve as crucial sinks of atmospheric CO2 (Twilley et al., 1992; 

Bouillon et al., 2008), and as buffer zones between land and oceans by trapping substantial 

amounts of continental material at the margins (Furukawa and Wolanski, 1996; Nittrouer 

et al., 2020). The mangrove-dominated ecosystems also act as biochemical reactors due to 

their active role in organic matter decomposition within the sediments (Ramos e Silva et 

al., 2006) and as vast quantities of nutrients, particulate and dissolved organic carbon (POC 

and DOC), CO2 and CH4, along with substantial amounts of trace elements (TEs) are 

exported from mangroves (Dittmar and Lara, 2001; Dittmar et al., 2006; Call et al., 2019; 

Mori et al., 2019; Cabral et al., 2021), thereby influencing carbon sequestration and the 

food webs of surface ecosystems in tropical coastal waters (Santos et al., 2021). Therefore, 

understanding the sources and processes that control the mangrove export of POC, DOC, 

and TEs to the coastal ocean is crucial. Within the mangrove systems, diverse sources and 

complex processes interact, including anthropogenic emissions, riverine (dissolved and 

particulate) input, and sediment dissolution and discharge from porewaters, as well as 
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estuarine removal-release processes, mangrove sediment-seawater exchange and sediment-

porewater interactions. These factors challenge accurate quantification of TE exports from 

mangroves and a comprehensive understanding of the role of the mangrove systems in 

biogeochemical cycles in the coastal ocean. In particular, the impact of mangrove loss on 

TE exports is yet to be determined. 

Particle-reactive elements, such as rare earth elements (REEs) and hafnium (Hf), offer 

insights into different elemental sources and geochemical processes such as sediment-

water interactions, which is enabled by distinct REE patterns of river water, seawater and 

sediments (Goldstein and Jacobsen, 1988a; Hathorne et al., 2015; Zheng et al., 2016). The 

relative enrichment or depletion of cerium (named Ce anomaly) compared to neighboring 

REEs, particularly lanthanum (La) and neodymium (Nd) is used to identify redox 

conditions since Ce ( ) can be oxidized to Ce ( ) and subsequently be preferentially 

adsorbed to particles and removed from seawater (Elderfield and Greaves, 1982). In 

addition, a positive Gadolinium (Gd) anomaly is commonly employed to investigate 

anthropogenic source contributions, given that medical sources and wastewater discharge 

are major Gd sources in modern rivers (Bau and Dulski, 1996; Rabiet et al., 2009). In 

addition to REEs, radiogenic Nd and Hf isotopic compositions, expressed as ŮNd and ŮHf, 

respectively (defined in Methods) are highly sensitive tracers of the origin and mixing of 

water masses enabled by fingerprinting of their continental source contributions with 

distinct isotopic signatures and their quasi-conservative behavior in seawater (Frank, 2002; 

van de Flierdt et al., 2007; Rickli et al., 2009; Stichel et al., 2012a; Stichel et al., 2012b). 

The ŮNd and ŮHf signatures are also important indictors of seawater-particle interactions at 

the continentïocean interface (Lacan and Jeandel, 2005), given that river water, seawater 

and particles carry distinct isotopic signals. A previous study has employed REE patterns 

in estuarine waters to trace mixing processes in tropical mangrove estuaries, such as in 

New Caledonia, where a substantial release of dissolved REEs was observed, likely 

associated with the reductive dissolution of iron-manganese (Fe-Mn) oxyhydroxides (Dang 

et al., 2021b). In the coastal seawater off the Amazonian mangrove belt, elevated 

concentrations of TEs have been observed, presumably linked to groundwater inflow (de 

Carvalho et al., 2021; Hollister et al., 2021; Hollister et al., 2022). However, the sources 
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and processes controlling these TE concentrations within the mangroves and their impact 

on oceanic REE and Hf budgets remain largely unknown. 

This study aims to elucidate the potential sources and processes controlling REE inputs 

and Nd/Hf isotopes in coastal seawater off the Amazonian mangroves, using the Caet® 

River estuary and the associated mangrove systems, which are the most studied along the 

Amazon coast, as a natural laboratory (Asp et al., 2018). Additionally, we investigate the 

influence of the mangrove systems on the global Nd and Hf elemental and isotope budgets. 

Various spatial scales of processes were examined, including coastal seawater mixing, 

Caet® River estuarine processes, porewater-seawater mixing, and sediment-

porewater/seawater interactions. The concentrations of REEs in coastal seawater, the Caet® 

River, intertidal creek water, porewater, and the Fe-Mn oxyhydroxide fraction of coastal 

sediment, as well as ŮNd and ŮHf signatures of coastal seawater, porewater (ŮNd only) and 

coastal sediment, are reported. The combined REEs, ŮNd, and ŮHf data reveal that porewater 

discharge and Fe-Mn oxyhydroxide dissolution supply substantial amounts of dissolved 

REEs and Hf to coastal seawater and control its ŮNd and ŮHf distributions, suggesting a 

profound influence of mangrove systems on the global marine Nd and Hf isotope budgets, 

which potentially is also the case for other TEs. Furthermore, under the scenario of global 

mangrove loss, the net dissolved TE fluxes exported from the mangrove system may 

decrease with an annual rate of 0.26%, exceeding the rate of mangrove loss (0.13%) itself 

(Goldberg et al., 2020).  
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Fig. 4. 1 Map of the study area showing sampling sites. 

a Location of study area on the North Brazil continental shelf. b Sampling stations of 

coastal surface seawater and sediment divided into zone A and zone B. c Sampling sites in 

the Caet® River estuary, which were divided into three sections separated by yellow 

brackets (fluvial, mangrove-fringed, coastal marine). d Sampling sites of intertidal creek 

water and porewater in the mangrove area. Figures were generated by QGIS 

(https://www.qgis.org/en/site/). 
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4.2 Results and Discussion 

4.2.1 REE variability in the mangrove systems 

In the Caet® River estuary, the river-ocean section was divided into three zones: the fluvial 

zone, the mangrove-fringed zone, and the coastal ocean marine zone (Fig. 4.1) (Knoke et 

al., 2023). In the fluvial zone, the low salinity water (Sal: 0.2-3.7) exhibited a middle-REE 

(MREE) enrichment pattern similar to other river waters (Fig. 4.2a) (Elderfield et al., 1990), 

and a large-scale removal of REEs (Nd as an example, Fig. 4.2d) occurred via salt-induced 

coagulation and precipitation of (nano)particles and colloids (NPCs) (Boyle et al., 1977; 

Sholkovitz, 1993). In some waters of the mangrove-fringed and coastal ocean zones (blue 

circles in Fig. 4.1c), as well as one sample from the fluvial zone, there is a pronounced 

positive Gd anomaly, indicated by the ratio of Gd/Gd* (defined in Methods) ranging from 

1.6 to 8.8 (n=5). Such an anomaly typically suggests an input of anthropogenic sources, 

likely originating from medical facilities and wastewater (Bau and Dulski, 1996; Rabiet et 

al., 2009). While the absence of a sewage treatment plant in the study area suggests that 

wastewater is not the primary source, anthropogenic Gd is likely still present. Similarly, a 

positive europium anomaly (defined as Eu/Eu*) is observed in these zones with Eu/Eu* 

ratio varying from 1.3 to 2.0, which has been attributed to the dissolution of suspended 

particles (particularly weathering of feldspars) and the subsequent formation of stable 

dissolved complexes in previous studies (Nozaki et al., 2000; V§zquez-Ortega et al., 2015). 

A high correlation coefficient (r=0.87, P<0.01, n=23) between the Eu and Gd anomalies 

implies a common source for both in the Caet® River estuary. Notably, the highest Gd and 

Eu anomalies (Gd/Gd*: 8.8, Eu/Eu*: 2.0) occur at the station 07 in the mangrove-fringed 

zone, where Ce/Ce* increase to 0.8 from 0.4 at station 13 ~ 8. This pattern suggests a 

preferential reductive transformation/release of Ce, Eu and Gd relative to other REEs at 

station 7. Therefore, the Gd and Eu anomalies in the Caet® River estuary likely result from 

a combination of reductive dissolution of mangrove sediment, degradation of organic 

complexes (Ma et al., 2007) and/or destabilization of Gd diethylenetriaminepentaacetic 

acid (GdïDTPA) by oceanic magnesium and calcium intrusion (Schijf and Christy, 2018). 

Interestingly, in the mangrove-fringed zone, we observe remarkably elevated [REE] (e.g., 

[Nd]) in several samples compared to their second conservative mixing lines, which 
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represent mixing of waters reflecting maximum Nd removal and seawater, with a 

remarkable increase in [Nd] from 131 pmol kg-1 to 395 pmol kg-1, observed at salinity 16. 

This is even higher than the conservative mixing line between river water and seawater for 

that salinity (Fig. 4.2d) and indicates significant supply from a third endmember other than 

Caet® River freshwater and seawater. Moreover, a high correlation coefficient (r=0.92, 

P<0.01, n=23) between [Nd] and iron concentration ([Fe]) indicated that this third 

endmember was closely related to Fe cycling in the mangroves. In the mangrove-fringed 

zone, the three samples with the highest [REE] exhibit a distinctive REE pattern, 

characterized by a considerable enrichment of light REE (LREE), similar to the pattern 

observed in porewaters and Fe-Mn oxyhydroxides (for further discussion see below). 

In the Furo do Meio intertidal creek, the samples were collected over 10 days of tidal cycles. 

It was observed that salinity decreased during high tide (Sal: 33-35) and increased during 

low tide (Sal: 34-38), while dissolved oxygen concentrations showed the opposite trend, 

dropping to approximately 2mg L-1 during low tide, indicating the contribution of high-

salinity but low-oxygen porewater discharge as there is no fluvial freshwater input (Dittmar 

and Lara, 2001) (Knoke et al., 2023). The [REE] exhibited tidal shifts, with higher [REE] 

during low tide and a decline during high tide, suggesting dynamic mixing of tidal seawater 

and porewater and/or interactions with sediments. During high tide, the tidal seawater 

displayed typical seawater patterns (van de Flierdt et al., 2012), characterized by LREE-

depleted with negative Ce anomaly and HREE-enriched patterns (Fig. 4.2b). However, 

during low tide, in addition to relatively HREE enrichment, the REY patterns of tidal 

seawater showed only small or no negative Ce anomalies along with slight LREE 

increasement (Fig. 4.2b). A significant observation was the [Nd] peak of 392 pmol kg-1 

during low tide, which is over 4 times higher than the 72 pmol kg-1 recorded during high 

tide on the same day. This pronounced [Nd] elevation during low tide underscores the 

strong influence of another source and was particularly evident in this sample, which 

exhibited a REE pattern characterized by a MREE enrichment and the lowest LREE 

depletion, the same REE pattern as found in porewaters and Fe-Mn oxyhydroxides (Fig. 

4.2c). Furthermore, the tidal variations of [REE] (e.g., [Nd]) were well correlated (r=0.76, 

P<0.01, n=13) with [Fe], similar to that found in the river transect, suggesting increasing 

[REE] is linked with Fe cycling in the mangroves. 
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In eight porewater samples of mangroves sediments, the REE patterns were categorized 

into two distinct types (Fig. 4.2c): i) estuarine water-like, characterized by a slight 

enrichment in HREE and depletion in LREE without a Ce anomaly compared to Caet® 

estuarine water; ii) Fe-Mn oxyhydroxide-like, being HREE-depleted and highly LREE 

enriched. The estuarine water-like REE pattern with slight La addition and no Ce anomaly 

suggests the existence of a fresh REE supply within the reduced conditions of the mangrove 

sediments. This environment prevents the oxidation of Ce () to Ce () and facilitates 

high concentration soluble Ce in porewater (Elderfield, 1988). The Fe-Mn oxyhydroxide-

like REE pattern demonstrated the dissolution of Fe-Mn oxyhydroxide being the main 

source elevating the [REE] of porewater. On the other hand, the notable increase in LREE 

in the porewaters indicated a preferential release of LREE relative to HREE during the 

reductive dissolution of Fe-Mn oxyhydroxides. This observation is in agreement with the 

previous experiment that LREE previously removed from solution are released 

preferentially to solution (Sholkovitz, 1995), as also observed in porewater of marine 

sediments (Haley et al., 2004) and New Caledonian mangroves (Dang et al., 2021b). 

The fluctuations in porewater salinity (Sal: 22.0~37.1) highlight highly dynamic water 

mixing and circulation within mangrove sediments. Two distinctive REE patterns in 

porewater and tidal creek water, along with the [REE] changes in tidal creek water 

themselves, underscore the complexity of the processes involved in sediment-porewater 

interactions and their mixing with tidal seawater, as shown below. These processes 

encompass dissolution and re-precipitation of Fe or Mn oxyhydroxides and elemental 

phase transformations (such as with Ce) triggered by changes in redox conditions. 

Additionally, the removal of REEs, particularly the preferential removal of LREE may 

occur during the mixing of porewater with seawater. Interestingly, REE patterns of three 

estuarine water samples with the highest [REE] and tidal seawater containing the highest 

[REE] are similar to those of porewaters and Fe-Mn oxyhydroxides demonstrating that 

discharge from porewaters and interaction with labile Fe-Mn oxyhydroxides are the main 

sources elevating the [REE] of Caet® River estuarine waters and creek tidal seawater in 

these mangrove areas. 
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Fig. 4. 2 Rare earth element (REE) patterns of waters from the Caeté River section, 

tidal station, and of porewater and sedimentary Fe-Mn oxyhydroxides. 

Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985a) normalized REE 

patterns of Caet® River estuarine water (a), intertidal creek water (b), porewater and labile 

Fe-Mn oxyhydroxides coatings of sediment (c). The REE pattern of labile Fe-Mn 

oxyhydroxides is scaled down by a factor of 1000 to facilitate comparison. The REE pattern 

of estuarine waters (Sal: 20, solid gray line) from the Caet® River section were added for 

comparison and magnified by factors of 3 and 5 in panel c). d Distributions of Nd and Fe 

concentrations of Caet® River estuarine waters. The blue dashed line in panel d) represents 

calculated conservative mixing lines between the freshwater and seawater endmembers 

along the river transect. The second conservative mixing line (green dashed line) for Nd is 

defined by endmember waters representing maximum Nd removal and seawater. e 

Distributions of Nd and Fe concentrations of intertidal creek water over 10 days of tidal 

cycles. 
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4.2.2 Dissolved distributions of REE and Hf concentrations and Nd/Hf isotope 

compositions in the coastal area off the mangrove belt 

In the seawater of the coastal area of this study, concentrations of dissolved [Nd], [Hf] and 

other TEs (e.g., iron, nickel, cobalt, titanium, aluminium, zinc) (de Carvalho et al., 2021; 

Hollister et al., 2021; Hollister et al., 2022; Schneider et al., 2022) have been found elevated 

compared to estuarine waters with similar salinities in the Amazon estuary, implying a 

potentially large flux from the nearby mangrove system. Distinctive ŮNd and ŮHf signatures 

between tropical western Atlantic seawater (ŮNd: -11.9, ŮHf: -0.7) (Xu et al., 2023) and 

coastal seawater off the Amazonian mangroves (ŮNd: -17.4, ŮHf: -8.1) suggest the existence 

of a source characterized by high [Nd] and [Hf] with highly unradiogenic isotopic 

signatures (Fig. 4.3). Although the [Nd] and [Hf] of this source cannot be directly measured 

as it may be a combination of dissolved and particulate effects (e.g., porewater and Fe-Mn 

oxyhydroxides), we tentatively consider the coastal seawater in this study with the lowest 

salinity (Sal: 28.1) to be the mixing endmember of the mangrove system (named mangrove 

endmember), which itself represents a mixture of river water, porewater and seawater. The 

close correlation of [Nd] and [Hf] with salinity (Fig. 4.4a and 4b, R2=0.82 and 0.75, 

respectively) suggests a two-endmember conservative mixing of [Nd] and [Hf]. However, 

the two-endmember conservative mixing of ŮNd and ŮHf signatures (gray lines in Fig. 4.4d 

and 4e) calculated using measured [Nd] and [Hf] of this mangrove endmember (39.0 pmol 

kg-1 and 1.0 pmol kg-1, respectively) do not adequately reproduce the ŮNd and ŮHf 

distributions in the coastal area. To address this discrepancy, we calculated two-endmember 

conservative mixing lines (blue lines in Fig. 4.4d and 4e) using predicted [Nd] and [Hf] of 

the mangrove endmember (1500 pmol kg-1 and 10 pmol kg-1, respectively). These resulting 

mixing lines reflect the ŮNd and ŮHf distributions in the coastal area much better, implying 

that the mangrove system indeed contains high [Nd] and [Hf] with highly unradiogenic 

isotopic signatures and exerts a significant influence on the spatial variations of ŮNd and ŮHf 

in the coastal region. 
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Fig. 4. 3 Distributions of dissolved Nd and Hf isotopes (ŮNd, ŮHf) in coastal area off the 

Amazonian mangrove belt. 

The distinctive ŮNd and ŮHf signatures between tropical western Atlantic seawater (orange 

area) and coastal seawater off the Amazonian mangroves (blue area) suggest strong 

exchange/interaction between continental margins and coastal seawater along the 

Amazonian mangrove coast. 
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Fig. 4. 4 Dissolved Nd and Hf concentrations ([Nd], [Hf]), rare earth element and 

yttrium (REE) pattern, ŮNd and ŮHf distributions in the coastal area off the Amazonian 

mangrove belt. 

a, b) Dissolved [Nd] and [Hf] distributions against salinity in the surface waters of the 

coastal area. Estuarine Amazon waters are shown by green circles for comparison. c) REE 

pattern of coastal seawater. d, e) ŮNd and ŮHf of coastal seawater, porewater and labile Fe-

Mn oxyhydroxides (gray bars). The gray solid lines in panels d) and e) represent the two-

endmember conservative mixing between the lowest salinity coastal seawater and tropical 

western Atlantic seawater using measured [Nd] and [Hf] of these endmembers. The blue 

solid lines represent two-endmember conservative mixing using calculated [Nd] and [Hf] 

of mangrove endmembers (1500 pmol kg-1 and 10 pmol kg-1, respectively). Dissolved [Nd] 

or [Hf] and corresponding ŮNd or ŮHf of tropical western Atlantic seawater are adopted from 

Zieringer, (2011). Error bars correspond to 2 standard deviations (2SD) of the ŮNd and ŮHf 

measurements. 


































































































































































































